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Abstract 
 
Installations similar to Louisiana sugar mills have been proposed as potential 
biorefineries for sugarcane, energy cane, and sweet sorghum. The nutrient-rich wastewater 
generated from the milling process can be used as an algal growth medium. 
Simultaneously, algae can serve as a water treatment strategy to deplete these effluents of 
excess nitrogen, phosphorus, and organic carbon.  
In this research the effluents of a sugar mill were characterized for water quality 
and nutrient characteristics; the effluents were determined to be suitable for growth of a 
native Louisiana co-culture of microalgae and cyanobacteria (Chlorella 
vulgaris/Leptolyngbya sp.); growth rate, biomass productivity and nutrient uptake 
capability of the co-culture was quantified; and a STELLA® water quality model was 
developed to simulate the degradation of a Louisiana sugar mill’s effluents over time.  
During the milling season, wash water effluents displayed poor overall water 
quality and contained high levels of total nitrogen, total phosphorus, and chemical oxygen 
demand ranging 24-75 mg-N/L, 30-48 mg-P/L, and 844-1148 mg/L, respectively. 
Evaporator water contained relatively minimal TN, TP, and COD ranging 0.7-1.4 mg-N/L, 
0.2-0.5 mg-P/L, and 14-68 mg/L, respectively; and demonstrated an average discharge 
temperature of 39  ͦC during milling. Compared to Bold’s Basal medium control treatments, 
co-culture grown in at least 50% wash water exhibited significantly higher growth rate, 
biomass productivity, and nutrient uptake. These treatments removed total filtered 
phosphorus and total filtered nitrogen at efficiencies of 84-96% and 68-89%, respectively. 
Biomass productivity was highest in 100% unfiltered wash water treatments reaching 240 
mg/L-day.    
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1. Global Introduction 
 
1.1 Background 
 
Growing concern regarding global energy supply continues to challenge scientists 
and industry professionals to explore sustainable sources of fuel and energy. As the global 
population grows, especially in emerging nations such as India and China, energy demand 
is expected to grow as well. In 2010, global energy consumption was 524 quadrillion Btu 
(QBtu) and expected to rise to 630 QBtu by 2020 (EIA). The vast majority of energy 
consumed worldwide, upwards of 90%, is derived from petroleum, coal, natural gas, or 
nuclear sources, all of which are non-renewable and contribute to rising greenhouse gas 
emissions (Khanal et al. 2010). Most of the energy demand, approximately 66%, can be 
attributed to transportation fuels, which are largely derived from petroleum (Gouveia 
2011). The recent increases in crude oil prices create an additional incentive to implement 
alternative energy strategies. Based on West Texas Intermediate pricing, crude oil has 
increased from $30.38/bbl in 2000 to $97.98/bbl in 2013, reaching its peak at $99.67/bbl 
in 2008 (EIA).  The future landscape of global energy supply will likely incorporate a 
combination of petroleum, coal, nuclear, solar, wind and biological sources. The role of 
biomass-based fuels will grow increasingly important as developed and developing nations 
continue to invest in these transportation fuels (EPA 2013; Huang et al. 2012; IEA 2008; 
Nigam and Singh 2011).   
Biofuels, a renewable source of fuel with low environmental impact, are capable of 
supplementing the growing demand for energy while limiting levels of CO2 emissions, 
developing rural farm lands and securing domestic energy supply (Huang et al. 2012; 
Nigam and Singh 2011).  Traditional 1st generation biofuels are produced from terrestrial 
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food crops such as corn, soybeans, grains, sugar beet and sugarcane but compete with food 
production and water supply (IEA, 2008). Second generation biofuels utilize non-edible, 
agricultural lignocellulosic biomass as feedstock for the production of liquid biofuels but 
will not meet the demand set by the Renewable Fuel Standard (DOE 2010; Nigam and 
Singh 2011). The Environmental Protection Agency (EPA), under the Clean Air Act, was 
assigned the task of projecting the yearly demand and domestic production capacity for 
renewable fuels in the United States. The United States passed the Energy Independence 
Security Act in 2007, which calls for 21 billion gallons of advanced biofuels to be produced 
domestically (Davis et al. 2012).  In the 2013 regulatory report the EPA projected a total 
demand of 16.55 billion gallons of ethanol-equivalent renewable fuels for the upcoming 
year, with 6 million gallons being provided by cellulosic biofuel, 1.28 billion gallons from 
biomass-based diesel, and 2.75 billion gallons from advanced biofuels (EPA 2013). The 
remainder of renewable fuel is provided by domestic corn ethanol and imported sugarcane 
ethanol from Brazil. Comparing the projected advanced biofuel value of 21 billion gallons 
to the 2013 production level of 2.75 billion gallons, it is apparent that there is significant 
potential for emerging advanced renewable fuel sources to be incorporated into the fuel 
market.  
Microalgae, a diverse group of photosynthetic hetero- and autotrophic organisms, 
have been identified as a plausible candidate for the third generation of advanced renewable 
fuels for the following reasons: exponentially higher energy yields compared to terrestrial 
crops, capability of utilizing a variety of water sources including municipal or industrial 
wastewater, low environmental and agricultural impact, potential for CO2 recycle, potential 
bioremediation applications, and production of valuable co-products along with biofuels 
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(Chisti 2007; Chisti 2011; DOE 2010; Greenwell 2010; Mata et al. 2010; Tate et al. 2013). 
Although algae have been previously researched as a biomass source for biofuels, an 
economically viable and commercially sustainable production plan has not yet been 
established (DOE, 2010). While output potential and harvesting techniques receive 
substantial attention in algal research, an often-overlooked area of concern is the nutrient 
requirement and cost (Brennan and Owende 2010; Greenwell et al. 2010). Utilizing 
nutrient-rich industrial or agricultural wastewater as a cultivation medium can reduce or 
eliminate these costs. 
1.2 Sugarcane Milling Process 
 
The most commonly used feedstock for producing biofuels in the United States is 
corn. Bioethanol, which is an alcohol, is the most commonly used biofuel derived from 
biomass. Although sugarcane is gaining popularity in the biomass-based fuel market, it is 
not yet being utilized as a feedstock domestically. The leading global producers of 
sugarcane in decreasing order are Brazil, India, and China.  Currently, 44% of the energy 
consumed in Brazil is renewable, and 13.5% of the renewable energy is produced from 
sugarcane (Goncalves and Correia 2012). If commercial ethanol production gains more 
traction, the land availability and natural resources these countries possess, especially 
Brazil, will give them an advantage over the United States in producing biofuels from 
sugarcane. Kim and Day (2011) propose that Louisiana’s sugar mills can compete 
economically by acting as a biorefinery for bioethanol production, utilizing energy cane 
and sweet sorghum as feedstocks during the non-milling season. Although biofuels derived 
from lignocellulosic sources possess significant potential, many suggest that a creative use 
of water, nutrients, light, and CO2 to cultivate microalgae for biodiesel will be the biofuels 
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industry’s best chance at competing with petroleum economically (Chisti 2008; Elnashaie 
2008; Mata 2010). Perhaps a combination of the two forms of production may accomplish 
economic viability. First, it is important to understand the processing of sugarcane and the 
many valuable by-products associated with its production. 
Sugarcane is cultivated in a wide variety of hybrid species and can take anywhere 
from 10 to 22 months to mature depending on location. The crop requires a large amount 
of sunlight and water for proper growth, and it typically ripens during the dry and cool 
months of the year (Cheesman 2004). Because sugarcane deteriorates quickly, it is usually 
processed within 24 hours of being harvested to maximize sugar yield. Upon arrival to the 
processing facility, the raw cane is washed to remove any mud or waste materials. This 
“wash water” contains extremely high levels of nitrogen and phosphorus (Khan et al. 
2006). The next step is juice extraction, during which the cane is shredded or crushed and 
run through rollers where hot water washes the sugar out of the shredded cane. This step 
accounts for a large portion of the water consumed in the process and the excess fibrous 
material is separated and stored as bagasse. In Louisiana sugar mills, mechanical power is 
generated from the burning of bagasse, essentially providing a cyclical source of power to 
the mill (Kim and Day 2011). Extraction is followed by clarification and evaporation. 
Clarification employs one or more chemical processes such as lime addition, 
phosphatation, sulphitation, or carbon dioxide addition to remove impurities from the juice. 
At this point the juice is still diluted, so the extra water must be evaporated off in a series 
of three of four multiple-effect evaporators. The concentrated juice is then boiled to 
crystallize the sugar into pure sucrose. Impurities such as fructose and glucose are formed 
into molasses, which is separated from the crystallized sugar by centrifugation. This 
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process yields raw sugar, which is brown and sticky, and further refining is required to 
produce white sugar (Cheesman 2004).  
1.2.1 Sugar Mill Effluents: Characteristics and Treatment Strategies 
 
The waste products of a sugarcane milling process include solid and liquid 
constituents that can adversely affect the flora and fauna of the surrounding environments. 
The differing waste products produced at separate stages of the milling process include 
bagasse, ash slurry, filter mud, cane wash water, and condenser (or evaporator) water 
(Keller and Huckabay 1960).  For the purposes of this research, focus will be directed 
toward cane wash water and evaporator water. An EPA survey estimated a sugarcane 
milling process in Louisiana produces roughly 1600 gallons of cane wash water and 2300 
gallons of evaporator water per ton of cane processed (Day 1980). Early efforts to limit the 
amount of water used in the milling process were overshadowed by production output goals 
(Hulett 1970). These effluents have been shown to contain high oxygen demand and high 
levels of organics, particularly nitrogen, phosphorous, and ammonium (Khan et al. 2006; 
Cheesman 2004). Sugar mill wash water can have BOD values ranging from 6 to 1190 
mg/L (Middlebrooks 1979). In a study conducted by Batubara and Adrian (2011), a 
Louisiana sugar mill was observed to have BOD values ranging from 360-876 mg/L. The 
concentration or organic constituents in these waste waters are dependent on the operation 
procedure of the mill; consequently, in other areas of the world significantly higher and 
more variable oxygen demands can be observed. For example, a study conducted on the 
east coast of South Africa reported COD values of 1000-18000 mg/L (Simpson and 
Hemens 1973), while numerous studies performed on Indian and Caribbean sugar mills 
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observed similarly variable organic concentrations (Prabhu et al. 2009; Sanchez et al. 1995; 
Saranraj and Stella 2014).  
As early as the 1950’s, researchers and industry professionals began to recognize 
the detrimental effects of sugar mill effluents to the environment and began developing 
methods to decrease the resulting environmental impact (Keller and Huckabay 1960). Early 
adjustments to the milling process were based primarily on economic effectiveness and 
included separation and aeration of evaporator water, applying filter mud to the fields as 
fertilizer, and discharging cane wash water to lagoons where microorganisms were thought 
to adequately stabilize the waters before discharge (Keller and Huckabay 1960). Over time 
EPA regulations became more stringent, first implementing a “best available pollution 
control technology” (BAT) and eventually implementing discharge limits on both TSS and 
BOD of 30 mg/L or 85% reduction (EPA 1977). Batubara and Adrian (2011) suggested an 
artificial wetland in which wastewater was to be pumped in order to reduce high TSS and 
BOD levels. It was found that pH entering the wetlands was around 5.5, but rose to neutral 
after settling; and 95% of both TSS and BOD was removed by the end of the operating 
season. Currently, methods for wastewater handling in Louisiana depend on discharge 
regulations and availability of land for retention ponds (Horecky and Saska 2004), but most 
systems allow BOD levels to naturally decline to acceptable discharge levels after the 
milling season before releasing them into surrounding water environments (Audubon 
2004). Bioremediation via heterotrophic bacteria and autotrophic algae can reduce organic 
load and nutrient levels in a variety of wastewaters (Christenson and Sims 2011). 
Experimental analysis will be conducted in order to determine the bioremediation impact 
of algae and bacteria on these effluents and the resulting water quality. 
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1.3 Microalgae/Cyanobacteria Background and Physiology 
 
Microalgae are single celled, photosynthetic microorganisms that can inhabit 
freshwater, marine, and hyper-saline environments (Bux 2013). It is believed that they are 
the evolutionary predecessors of all complex plant life that currently inhabits the earth and 
have 350,000 known species, only 35,000 of which have been thoroughly analyzed (Brodie 
and Zuccarella 2007). Having two primary prokaryotic divisions and nine eukaryotic 
divisions, microalgae are categorized based on pigmentation, photosynthetic processes, 
and morphological characteristics (Bux 2013).  Two of the most abundant classes of 
microalgae are Cyanophyceae, or blue-green algae, and Chlorophyceae, or green algae 
(Khan et al. 2009).  
Cyanophyceae, known as cyanobacteria, are a prokaryotic branch of oxygenic, 
photoautotrophic microalgae that are defined by their cell wall, cell structure, and 
production pigments (Bux 2013; Lopes et al. 2012). The photosynthetic pigments found in 
the nearly 2,000 species of cyanobacteria are chlorophyll-a, phycocyanins and 
phycoerythrin (Pulz and Gross 2004). Photosynthetic activity, measured in CO2 uptake rate 
and light utilization, was found to be nearly 4 times higher for cyanobacteria grown in 
aquatic environments when compared to terrestrial cultures (Ye et al. 2012).  The ability 
of cyanobacteria to uptake nutrients quickly and store them efficiently can be attributed to 
polyphosphate granules, which store phosphate, and cyanophycin, which store nitrogen, 
carbon and energy (Pulz and Gross 2004).  
Chlorophyceae, a eukaryotic branch of microalgae with over 2,500 species, 
represent the largest group of Chlorophyta and typically inhabit freshwater environments 
(Pulz and Gross 2004).  Their green color can be attributed to the presence of pigments 
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such as chlorophyll-a and –b. Though some genera are multinucleate, most Chlorophyceae 
species possess chloroplasts containing pyrenoids (Bux 2013).  
1.3.1 Phycoremediation 
 
 Phycoremediation is the use of algae to remove or transform pollutants found in 
wastewater and CO2 in air emissions (Olguin 2003; Rawat et al. 2011). The utilization of 
algae to treat wastewaters has been researched for several decades. Algae have been used 
to remove excess nitrogen and phosphorus for over 40 years (Rawat et al. 2011). Algae 
have been proven to facilitate the removal of pathogens, nutrients and heavy metals in 
wastewaters and provide oxygen for aerobic bacteria in the oxidation of organic materials 
(Munoz and Guieysse 2006). In turn, bacteria expel carbon dioxide, which algae can 
transform into biomass (Figure 1.1). This process of CO2 and O2 exchange between algae 
and bacteria promotes aerobic degradation of organic compounds and can result in 
significant reduction of BOD (Grobbelaar et al. 1988). Specific oxygen production rates 
depend on species of microalgae and their respective growth rates in a given medium, but 
it is agreed upon that a higher specific growth rate translates to faster pollutant removal 
(Munoz and Guieysse 2006).  
 
Figure 1.1 Photosynthetic interactions between microalgae and bacteria in 
pollutant removal process, adapted from Munoz and Guieysse (2006). 
 
Several types of wastewaters (Table 1.1) have been investigated as potential 
mediums to cultivate algae (Abreu et al. 2012, Bhatnagar et al. 2011, Rawat et al. 2011), 
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but further investigation into sugar mill effluents is needed. Algae can also improve water 
quality by removing nitrogen and phosphorus while oxygenating the water (Bartsch 1961, 
Shi et al. 2007). The development of an integrated recycling system for a facility’s specific 
bioremediation needs has significant potential in both treating effluent waters as well as 
producing valuable by-products (Olguin 2003). Sugar mill effluents have nitrogen and 
phosphorus levels comparable to that of the wastewaters seen in Table 1.1, and should be 
able to sustain the growth of algae. 
Table 1.1 Characterization of wastewaters with respect to algal nitrogen and phosphorus, 
adapted from Christenson and Sims (2011). 
Wastewater type Nitrogena  
(mg/L) 
Phosphorusb 
(mg/L) 
N:P  
(molar ratio) 
Theoretical algal 
biomass productionc 
Weak domestic 20d 4 11 0.3 g/L 
Medium domestic 40d 8 11 0.6 g/L 
Strong domestic 85d 15 13 1.4 g/L 
Cattle feedlot 63 14 10 1.0 g/L 
Dairy 185 30 14 2.9 g/L 
Poultry feedlot 802 50 36 5.7 g/L 
Swine feedlot 2430 324 17 37.1 g/L 
Coke plant 757 0.5e 3352 0.1 g/L 
Distillery 2700d 680e 9 42.8 g/L 
Paper mill 11d 0.6 41 0.1 g/L 
Tannery 273 21e 29 2.4 g/L 
Textile 90 18 11 1.4 g/L 
a Total Kjeldahl nitrogen unless specified 
b Total phosphorus unless specified 
c Based on limiting nutrient assuming a formula of C106H181O45N16P 
d Total nitrogen 
e Phosphorus as phosphate (PO4-P) 
 
The relative abundance of nutrients and availability of light can impact the 
remediation ability of algae in wastewater. Optimizing the nitrogen to phosphorus ratio and 
the light to dark cycles can increase the nutrient removal by microalgae in wastewater 
(Feng et al. 2011; Lv et al. 2010). In a study conducted by Aslan and Kapdan (2006), 
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Chlorella vulgaris was cultured in synthetic wastewater at an N:P ratio of approximately 
2:1 and displayed complete NH4-N removal when initial concentrations were below 21.2 
mg/L. Phosphate removal was also analyzed and demonstrated 78% removal efficiency of 
phosphorus when initial concentrations were below 7.7 mg/L. Dalrymple et al. (2013) 
investigated  the biomass production and nutrient uptake of a mixed culture of a Chlorella 
sp. and Scenedesmus sp. grown in wastewater from a treatment plant in Tampa, Florida. A 
light to dark cycle of 18 hours was used to simulate natural light conditions and yielded 
roughly 10 g dry biomass m-2 d-1. Total nitrogen removal was nearly 60%, while total 
phosphorus removal reached 85%.  
It is evident that culture conditions, nutrient levels, and light availability can result 
in a variety of nutrient removal efficiencies and biomass yields. The advantage of 
synthesizing algal culture and wastewater treatment, whether it is municipal, industrial or 
agricultural, is that the resulting water is oxygenated and the harvested biomass is valuable 
in a variety of applications (Figure 1.2).  The same approach can be applied to sugar mill 
wastewater. 
 
Figure 1.2 Schematic of algal integration into wastewater treatment/added-value strategy, 
adapted from Dalrymple et al. (2013). 
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1.3.2 Value Added Products of Microalgae 
 
Microalgae are a popular candidate to supplement fossil fuels because they are easy 
to grow, can utilize nutrients in water unsuitable for human consumption, convert CO2 into 
biomass, do not use arable lands, and produce exponentially more oil than terrestrial crops 
(Chisti 2008; Mata et al. 2010). Aside from their potential in the biodiesel production 
industry, microalgae have a number of byproducts ranging from nutritional supplements to 
cosmetics (Spolaore et al. 2006).  It has been suggested that the co-production of 
microalgae for lipids and high-value byproducts can offset the high costs of cultivation, 
harvesting, and lipid extraction associated with production (Bai et al. 2011).  
 Other commercial applications of microalgae by-products that have been identified 
include animal feed supplements, polyunsaturated fatty acids, food-coloring agents, 
biofertilizer, cosmetics, and pharmaceuticals (Brennan and Owende 2010). A number of 
carotenoids including β-carotene, astaxanthin, and C-phycocyanin (C-PC) can be extracted 
from algal biomass and used in a variety of applications. β-carotene can be used as a food-
coloring agent, source of pro-vitamin A, or as a cosmetic-coloring agent (Brennan and 
Owende 2010; Dufosse et al. 2005).  Astaxanthin has applications in UV-light protection, 
immune enhancements, source of pro-vitamin A, and anti-inflammation. C-phyocyanin is 
a blue pigment belonging to the phycobiliprotein group and has significant potential as a 
natural dye for food, cosmetics, and pharmaceuticals, replacing synthetic pigments. Natural 
dyes such as β-carotene and C-phycocyanin are preferred because they contain “numerous 
carotenoids and essential nutrients” that are not present in synthetic dyes (Dufosse et al. 
2005). The Chlorella vulgaris/ Leptolyngbya sp. co-culture produces high amounts of C-
phycocyanin, which has a market value of $4,657 g-1 in its purest form (Soley 
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Biotechnology Institute). Additionally, significant potential lies in this phycobiliprotein for 
application in cancer treatment, which has been shown to induce cell apoptosis in 
cancerous tumors and leukemia cells (Wang et al. 2007).  
Although massive potential lies in microalgae cultivation for energy and 
byproducts, there are many questions that have yet to be answered when it comes to the 
feasibility of a large-scale production system. In order to develop a sustainable method to 
cultivate microalgae the following issues must be addressed: selecting the appropriate 
species for optimum biofuel and byproduct production; potential negative energy balance 
due to pumping, lipid and byproduct extraction, and CO2 transfer; and production systems 
with high photosynthetic efficiencies (Brennan and Owende 2010). High nutrient costs, 
$407 ton-1, and CO2 addition, $40 metric ton
-1 are one obstacle to the feasibility of large-
scale algal culture (Davis et al. 2011, Sun et al. 2011). The existing retention ponds at Alma 
sugar mill are favorable candidates to support large-scale microalgal growth because no 
additional CO2 or nutrients need to be added to support growth, pumping requires relatively 
low energy because of existing mill infrastructure, and revenue can be generated from 
lipids and valuable byproducts to offset production costs. 
1.4 Research Objectives 
 
The goal of the research is to assess the characteristics of the effluent waters 
discharged from sugar mills and determine the impact of a co-culture of microalgae and 
cyanobacteria on such effluents.  A water quality model will be developed to evaluate the 
potential capability of algae in treating the effluents of a biomass-based production facility. 
The objectives more specifically delineated: 
1. Characterize the water effluents of the sugar mill (evaporator and wash water) 
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2. Determine the suitability of the effluents for microalgae/cyanobacteria co-culture 
growth 
3. Determine the effect of sugar mill effluents on biomass productivity, nutrient 
uptake, and organic consumption 
4. Develop water quality model for biomass processing facility 
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2. Characterization of Louisiana Sugar Mill Effluents 
 
2.1 Introduction 
 
 Sugarcane, of the genus Saccharum, are remarkable at converting solar energy to 
biomass, with nearly all commercial variations being hybrids of selected breeds that 
maximize sugar yield (Cheesman 2004). In the state of Louisiana, there are currently 11 
sugar mills in operation. The production and processing of sugarcane, however, does not 
come without a cost for water and soil environments. The waste products generated at 
separate stages of the milling process include bagasse, ash slurry, filter mud, cane wash 
water, and condenser (or evaporator) water (Keller and Huckabay 1960). While bagasse 
can be reused to power the milling plant and filter mud can be employed as fertilizer, the 
liquid waste products of sugar mills can be extremely detrimental to flora and fauna in 
affected environments (Saranraj and Stella 2014).  
Wash water effluents are of very low quality and contain high levels of nitrogen, 
phosphorus, and organic constituents (Day 1981; Keller and Huckabay 1960; Khan et al. 
2006). In addition to cane wash water, additional wastewater known as condenser water, 
or evaporator water, is generated during the boiling process which is high in sugar content 
and typically reaches temperatures ranging from 35-40 °C (Prabhu et al. 2009; Saranraj 
and Stella 2012; Simpson and Hemens 1973). Further, massive volumes of both wash water 
and evaporator water are discharged throughout the milling season. An EPA survey 
estimated a sugarcane milling process in Louisiana produces roughly 1600 gallons of cane 
wash water and 2300 gallons of evaporator water per ton of cane processed (Day 1980). 
In the early 1980s, EPA regulations became more stringent on biological oxygen 
demand (BOD) and total suspended solids (TSS) discharge limits of sugar mills (Day 
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1980). Louisiana mills were encouraged to hold wash water in retention ponds, allowing 
BOD and TSS to naturally decrease over time, and aerate evaporator water in order to lower 
the high temperature associated with these effluents (Day 1980). These techniques are still 
being employed today with varying degrees of success. Researchers and industrial 
professionals are being challenged to think of new and resourceful methods to use and 
reuse the waste products generated by these facilities. In recent years, the push for 
renewable energy production has created interest in using Louisiana sugar mills as 
biorefineries, which could process energy cane and sweet sorghum for biofuel production 
during the non-milling season (Kim and Day 2011; Rein 2007). Additionally, the water 
effluents of sugar mills in Bangladesh have been investigated as cost-effective sources of 
algal growth mediums (Khan et al. 2006). These nutrient-rich wastewaters can be used to 
produce algal biomass, which can then be processed into a range of biofuel and chemical 
products while simultaneously ridding the wastewaters of excess pollutants (Gouveia 
2011). 
2.2 Materials and Methods 
 
 Wash water and evaporator water were collected monthly from Alma sugar mill in 
Lakeland, LA beginning in October 2013 and ending in July 2014. Wash water and 
evaporator water were chosen for analysis due to their significant volume contribution 
compared to other effluents, such as ash slurry. Alma was used as a surrogate facility for a 
multi-feedstock biomass processing facility because the effluents are expected to be 
similar. Also, this time range was chosen because sugarcane milling typically begins in 
early October each year and the resulting wash water is held in retention ponds for several 
months following the end of milling in December. Surface water samples were collected 
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from the each of the  wash water retention ponds located to the south of the mill, and surface 
evaporator water was collected from the evaporator ditch and lagoon located to the east of 
the mill (see Appendix A). The first of eight retention ponds was covered in a thick layer 
of crusted organic material, which made sampling this pond unachievable. The remaining 
seven retention ponds were sampled during months in which they held an adequate volume 
of water for proper measurements to be taken.  
The following water quality characteristics were measured on site: temperature, pH, 
oxidation-reduction potential (ORP), conductivity, and dissolved oxygen. Each water 
quality characteristic was measured directly from each pond (see Appendix B). Dissolved 
oxygen measurements were taken at a depth between six inches and one foot using a YSI 
550A dissolved oxygen meter. Temperature and pH were determined using a Thermo 
Scientific Orion 266S pH meter. ORP was measured using an Oakton Waterproof 
ORPTestr 10 containing a platinum band and silver/silver chloride reference electrode. 
During data analysis, ORP was converted to EH (see Appendix B: ORP to EH conversion 
table). Conductivity was measured using a Hach Sension5 hand held conductivity meter. 
The coordinates of each sampling site were recorded.  
The following nutrients were analyzed: nitrate, nitrite, ammonium, phosphate, total 
nitrogen, and total phosphorus (see Appendix C). Using a scooping device attached to a 
long handle, water samples were collected from each pond and transferred into one liter 
plastic Nalgene bottles previously cleaned of any contaminants. Two bottles were collected 
from each pond and immediately placed on ice for transport back to the LSU Wetland 
Biogeochemistry Analytical Laboratory for nutrient analysis. Total nitrogen and total 
phosphorus were analyzed as unfiltered samples, while all other nutrients were filtered to 
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0.45 micron prior to analysis. All nutrients were analyzed by an O.I. Analytical Flow 
Solutions™ IV+ instrument, and correspond to the following Standard Methods (APHA 
2005): NO3 and NO2 (4500-NO3
- F and 4500-NO2
- B), NH4 (4500-NH3 G), PO4 (4500-P 
F), total nitrogen (4500-N C) and total phosphorus (4500-P H). 
During the November, December, January and February sampling events, 
additional water from the 4th retention pond and the evaporator ditch was collected for later 
use in algal growth experiments. The water was transported on ice from Alma sugar mill 
to LSU where it was preserved at a temperature of -20 °C in order to maintain the nutrient 
characteristics of the effluents. 
Additional sampling events also took place during the 2015 milling season to 
measure chemical oxygen demand (COD) and 5-day carbonaceous biological oxygen 
demand (CBOD5). COD and CBOD5 were analyzed in compliance with Standard Method 
5220 D and 5210 D, respectively (APHA 2005).  
2.3 Site Description 
 
Alma Plantation sugar mill, one of the 11 sugar mills operating in Louisiana, is 
located at 4612 Alma Plantation Road in Lakeland, LA and processed 1.556 million tons 
of raw cane during the 2013 season. The facility is the northernmost sugar mill currently 
operating in Louisiana and contains a system of recirculating and settling ponds, which are 
approximately 12 acres in area (Horecky and Saska 2004, see Appendix A). These settling 
ponds are segregated into a series of eight individual ponds and hold cane wash water 
during the milling season and for several months following. In addition to the retention 
ponds, there is a separate 1-acre pond located on the north side of the mill designated for 
the collection of filter mud. Located alongside the filter mud pond is a holding pond 
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designated for boiler ash slurry. On the east side of the mill, an evaporator water pond and 
raceway approximately 3 acres in area receive and discharge 23 mgd of evaporator water 
during the milling season. This water is aerated to decrease temperature as well as reduce 
BOD levels before discharge. Effluents are discharged into Discharge Bayou and Bayou 
Fusilier located adjacent to the mill.  
2.4 Results and Discussion 
 
 As anticipated, the sugar mill effluents were high in nitrogen, phosphorus, and 
carbon constituents. Low dissolved oxygen and high conductivity are indicative of poor 
water quality. The immense volumes of water being used and discharged at sugar mills 
present environmental problems as well as logistical problems for the sugar mills 
themselves, who are tasked to meet environmental regulations while maintaining economic 
viability. The US EPA and Louisiana DEQ have defined effluent discharge limits in terms 
of BOD5, TSS, and pH (Table 2.1) for sugar mills that “impound all wastewaters for 
discharge after the grinding season” (State Guidelines – LAC 33:IX.707.D.2.c).  
Table 2.1 Louisiana sugar mill regulations for facilities that impound all wastewaters for 
discharge after the milling season. 
Parameter Daily Average (mg/L) Daily Maximum (mg/L) 
BOD5 10 15 
TSS --- 50 
Dissolved oxygen 4.0 3.0 (minimum) 
pH * * 
*Treated water must have pH between 6.0-9.0. 
2.4.1 Water Quality Characteristics 
 
During our sampling period, sugarcane was processed at Alma sugar mill from 
October 16, 2013 to January 7, 2014. During that time, several distinguishing 
characteristics were observed between evaporator water and wash water and are provided 
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in the table below (Table 2.2). In addition to temperature, pH, oxidation-reduction 
potential, conductivity, and dissolved oxygen; some general observations are worth noting. 
A thick layer of organic matter, which formed a grey crust on the first retention pond made 
sampling from this pond unachievable. Ponds 7 and 8 were inaccessible during the milling 
season due to excavation work and did not fill to an adequate sampling depth until January 
of 2014, therefore, they are not represented in Table 2.2.  
In March of 2014, ponds 3, 4, and 5 developed a green color. Pond 6 developed a 
red color near the same time, which later turned green as temperatures began to rise in 
April (see Appendix A). After samples were collected and observed via microscope, the 
green color was identified as a consortium of microalgae and bacteria living ubiquitously 
in the retention ponds (Figure 2.1). By June of 2014, ponds 3, 4, 5, 6 and 7 were entirely 
green in color providing clear evidence of increased algal growth throughout the retention 
pond system.  
 
Figure 2.1 Alma sugar mill retention pond schematic.  
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Table 2.2 Water quality characteristics* of wash water (ponds 2-6) and evaporator water 
(evap. pond) during the 2013 milling season at Alma sugar mill.  
 pH Temperature 
(°C) 
**EH 
(mV) 
Conductivity  
(μS/cm) 
D.O.  
(mg/L) 
Pond 2 7.19 ± 0.15 20.5 ± 4.9 159 ± 28 2560 ± 493 1.9 ± 0.6 
Pond 3 7.59 ± 0.35 18.4 ± 5.5 244 ± 65 2267 ± 309 1.3 ± 0.4 
Pond 4 7.89 ± 0.51 18.1 ± 5.4 315 ± 89 2159 ± 362 1.2 ± 0.1 
Pond 5 8.31 ± 0.19 18.6 ± 4.3 361 ± 33 1726 ± 198 1.2 ± 0.3 
Pond 6 7.78 ± 0.18 19.2 ± 4.1 252 ± 19 1914 ± 236 1.5 ± 0.3 
Evap. Pond 6.76 ± 0.17 38.8 ± 6.5 169 ± 25 879 ± 75 2.1 ± 0.1 
* Values reported as mean ± standard deviation 
** ORP values converted to EH 
During the 2013 milling season, high conductivity values associated with retention 
pond wash water provide evidence of high dissolved solids in the water column. Wash 
water has slightly higher pH values than evaporator water, but the pH of both waters remain 
relatively neutral throughout the milling season.  While the temperature of wash water 
coincides with the ambient air temperature, the evaporator water can reach 40 °C or higher. 
Dissolved oxygen ranges from approximately 1 – 2 mg/L for both wash water and 
evaporator water and is dependent on depth of sample. Lower sampling depths correspond 
to lower dissolved oxygen content. The positive ORP values observed in both effluent 
waters indicate an oxidizing system at the sampling depths. Dissolved oxygen and ORP 
are expected to decrease with depth, therefore anoxic conditions persist at the bottom of 
the ponds. Most of the nitrogen is in the form of ammonium, which may seem contradictory 
in an oxidizing system with high ORP values, but in a system that contains high COD the 
oxidation of organics limits nitrification. 
Comparing the 2013 milling season water quality parameters to those of the 2014 
milling season reveal some similarities, but also display variations that undoubtedly occur 
in outdoor systems from year to year (Table 2.3). Water pH, conductivity, and temperature 
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remain minimally variable from season to season; however, ORP of evaporator water and 
D.O. of wash water do vary significantly (p < 0.05). Fluctuations in sucrose, glucose, and 
organic acid content in evaporator water can occur from hour to hour, day to day, and year 
to year. These relationships have a strong correlation to microbial growth, effect on water 
pH, and consequently affect ORP values. The dissimilarity in D.O. levels observed in 2014 
may be attributed to lower sampling depths (1-2 ft) when compared to 2013 sampling 
depths that were closer to the surface. Wind variations and adjustments in pond 
management strategies also affect the overall conditions of the retention pond waters from 
year to year. In 2013, flow was directed to ponds 4 and 5 before directing water to ponds 
7 and 8. In 2014, ponds 7 and 8 were filled before releasing water to ponds 4 and 5. 
Additionally, ponds 4 and 8 were discharged at various times during the 2013 and 2014 
milling seasons adding further variability to sustained water quality conditions. Depending 
on the pond management strategy and emergency discharge events that can occur in a given 
season, water quality conditions can change significantly from year to year. 
Table 2.3 Water quality characteristics* of wash water and evaporator water during the 
2013 and 2014 milling season at Alma sugar mill.  
 pH 
Temperature 
(°C) 
**EH 
(mV) 
Conductivity 
(μS/cm) 
D.O. 
(mg/L) 
Wash water13 
7.66 ± 0.5a 
(13) 
17.6 ± 5.1a 
(13) 
250 ± 84a 
(13) 
2239 ± 408a 
(13) 
1.48 ± 0.5a 
(12) 
Wash water14 
7.48 ± 0.4a  
(12) 
18.2 ± 4.9a 
(12) 
213 ± 18a 
(12) 
2042 ± 207a 
(12) 
0.78 ± 0.4b 
(12) 
Evap. pond13 
6.76 ± 0.2b 
(3) 
38.8 ± 6.5b 
(3) 
169 ± 25b 
(3) 
879 ± 75b (3) 
2.13 ± 0.1c 
(3) 
Evap. pond14 
6.94 ± 0.1b 
(3) 
38.8 ± 0.6b 
(3) 
232 ± 5.6a 
(3) 
907 ± 43b (3) 
2.02 ± 0.1c 
(3) 
* Values reported as mean ± standard deviation (number of samples). Subscript letters 
represent statistical significance between 2013 and 2014 for each parameter and water type 
(p-value < 0.05). 
** ORP values converted to EH 
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The post-milling environment of a sugar mill is defined by no inflow, other than 
rainfall, to wash water ponds or evaporator water ponds; and therefore, no additional 
nutrients or organics are being loaded into the system. Solids, refractory organics, and 
nutrients are left to degrade and transform over time. During the milling season, very little 
vegetative growth occurred around the ponds, but dense grass-like foliage reaching heights 
of eight feet began to occur in March of 2014. The water quality parameters provided in 
Table 2.4 represent samples taken from the months of January through July of 2014. 
Table 2.4 Water quality characteristics* of wash water (ponds 2-8) and evaporator water 
(evap. pond) after milling stopped at Alma sugar mill. The post-milling season is 
considered January – July 2014 in the following data set. 
 pH Temperature 
(°C) 
**EH 
(mV) 
Conductivity  
(μS/cm) 
D.O.  
(mg/L) 
Pond 2 7.81 ± 0.17 22.6 ± 7.7 268 ± 102 1971 ± 292 2.99 ± 1.34 
Pond 3 8.46 ± 0.42 23.2 ± 7.9 260 ± 135 1817 ± 74 4.86 ± 4.09 
Pond 4 8.74 ± 0.44 23.3 ± 8.0 255 ± 141 1792 ± 134 9.63 ± 3.99 
Pond 5 8.73 ± 0.46 24.1 ± 7.5 256 ± 143 1679 ± 358 9.79 ± 5.18 
Pond 6 8.33 ± 0.52 23.5 ± 8.1 255 ± 131 1857 ± 149 6.06 ± 6.12 
Pond 7 8.11 ± 0.30 23.7 ± 8.1 279 ± 119 1991 ± 204 3.81 ± 5.22 
Pond 8 8.10 ± 0.33 22.7 ± 8.5 313 ± 129 1889 ± 281 5.44 ± 4.02 
Evap. Pond 7.59 ± 0.28 24.0 ± 7.6 301 ± 92 342 ± 52 4.35 ± 2.46 
* Values reported as mean ± standard deviation 
** ORP values converted to EH 
Dissolved oxygen increases significantly over time due to wind variations and algal 
blooms during the spring and summer seasons. Algae produce oxygen and consume carbon 
dioxide, while bacteria consume organic carbon and produce carbon dioxide. Increases in 
temperature during these seasons also quickens the growth rate of ubiquitous microbial 
life, and water pH values are slightly elevated due to these microbial processes. 
Conductivity decreases with the decline of dissolved solids in the water column. In general, 
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the 6 to 7 months of the post-milling season allow the overall quality of wash water to 
improve by means of natural processes and microbial transformations. 
2.4.2 Volume Characteristics 
Various water conservation practices including wash water recycle have allowed 
sugar mills to reduce the amount of water used and discharged throughout the milling 
season. Although these volumes have declined since the 1980’s, a significant amount of 
water is still being used. At Alma sugar mill, evaporator water is discharged at an average 
rate of 23 mgd. The 2013 season consisted of 84 days on continuous milling, during 
which a total of 1.93 billion gallons of evaporator water was discharged. Wash water 
used is substantially less than evaporator water and can vary widely depending on 
weather and recycle practices. Based on pump capacities and pond volumes at various 
times throughout the milling season at Alma, it was estimated that wash water was 
discharged to retention ponds at rates between 1000 and 3000 gpm. These rates equate to 
a total volume between 121 and 363 million gallons of wash water discharged. 
2.4.3 Nitrogen Characteristics 
 
 The nitrogen characteristics of wash water and evaporator water were observed to 
be significantly different. Total nitrogen content in wash water ponds increased as the 
milling season progressed and reached concentrations near 80 mg/L. Similarities in 
nitrogen content were observed in adjacent ponds because of the flow structure at Alma 
(Figure 2.2). Evaporator water, on the other hand, maintained total nitrogen content of 
approximately 1 mg/L throughout the milling season. For both effluents, the large majority 
of nitrogen was in the form of ammonium with very little nitrite or nitrate present (Figure 
2.3). The low dissolved oxygen levels and anaerobic conditions created in pond 1 severely 
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hinder nitrification of ammonium to nitrite and nitrate. Additionally, high COD levels stifle 
the oxidation of ammonium as well. Of the wash water samples taken during the milling 
season, approximately 85% of total nitrogen was in the form of ammonium while nitrate 
and nitrite accounted for only 0.02%. The remaining nitrogen content was in the form of  
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Figure 2.2 Total nitrogen (unfiltered) of wash water retention ponds 2 (a), 3 and 6 (b), 4 
and 5 (c), 7 and 8 (d), and evaporator water pond (e) at Alma sugar mill from October 
2013 to July 2014. 
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In general, after the milling season nitrogen in retention ponds is subjected to 
degradation and transformation through a number of pathways including nitrification, 
denitrification, and microbial transformation. As algae began to bloom during the spring 
months of 2014, a decrease in total nitrogen was observed as ammonium was converted to 
microbial biomass (Figures 2.2 and 2.3).  
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Figure 2.3 Ammonium-nitrogen (filtered) of wash water retention ponds 2 (a), 3 and 6 
(b), 4 and 5 (c), 7 and 8 (d), and evaporator water pond (e) at Alma sugar mill from 
October 2013 to July 2014. 
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Simultaneously, algae oxygenate the water, which drives nitrification at depths of 
1-2 ft. At lower depths, anoxic conditions drive denitrification, which volatilizes nitrogen 
into N2 gas that is released into the air. In retention ponds in which algal growth was 
prominent, total nitrogen decreased rapidly and a larger portion of the nitrogen was in the 
form of nitrate and nitrite, roughly 5%. The increase in nitrate and nitrite is directly related 
to the amount of dissolved oxygen in the water, which is produced by algae during 
photosynthetic growth. This phenomenon reinforces the idea that under the appropriate 
conditions, algae can be employed as a water treatment option by reducing the total 
nitrogen content. 
2.4.4 Phosphorus Characteristics  
 
The total phosphorus content in wash water, which includes particulate and 
dissolved P, ranged from 30 to 48 mg/L during the milling season, while evaporator water 
was approximately 0.3 mg/L (Figure 2.4). The majority of the phosphorus was in the form 
of reactive orthophosphates, which only include dissolved P. The phosphorus cycle in 
retention ponds includes the following processes: mineralization of phosphorus into 
sediments, release of phosphorus from sediments back into the water column, and 
microbial transformation of phosphorus. Phosphorus content in the retention ponds 
remained relatively constant in ponds that did not experience algal growth. Eventually, 
algae grew in all wash water ponds and a correlative decrease in phosphorus was observed 
throughout the spring and summer months. During this period, total phosphorus and 
reactive phosphate content decreased substantially.  
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Figure 2.4 Total phosphorus (unfiltered) of wash water retention ponds 2 (a), 3 and 6 (b), 
4 and 5 (c), 7 and 8 (d), and evaporator water pond (e) at Alma sugar mill from October 
2013 to July 2014. 
 
The cycle of phosphorus is crucially important to plant and microbial nutrient 
requirements and relies heavily upon dissolved oxygen levels in the water column and 
sediments of a pond system. Phosphorus can be categorized as reactive, particulate or non-
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particulate, and organic or inorganic (Chapra 1997). In the retention ponds at Alma, the 
reactive forms of phosphate (H2PO4
-, HPO4
2-, and PO4
3-) make up the majority of the total 
phosphorus content during the milling season and winter months that follow (Figure 2.5).  
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Figure 2.5 Phosphate-phosphorus (filtered) of wash water retention ponds 2 (a), 3 and 6 
(b), 4 and 5 (c), 7 and 8 (d), and evaporator water pond (e) at Alma sugar mill from 
October 2013 to July 2014. 
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As heterotrophic biomass begins to grow and autotrophic algal blooms occur in the 
early spring, a significant difference is observed between total phosphorus and phosphate. 
Algae assimilate phosphorus into biomass and eventually settle to the bottom of the ponds. 
Some phosphorus is released back into the water column, but given the pH and ORP ranges 
present a significant portion of the phosphorus is likely mineralized into sediments when 
it binds to calcium, iron, manganese, or aluminum oxides (Ann et al. 2000). Sampling 
depths were relatively shallow and did not account for this phosphorus content, which is 
essentially removed from the water column as it settles. A combination of these 
mechanisms contribute to the particulate and soluble phosphorus levels observed in the 
retention ponds. 
2.4.5 Oxygen Demand and Organic Characteristics 
 
 Wash water is a combination of water used to rid incoming cane of excess dirt and 
debris, clean milling equipment, and sucrose saturated water from the milling process. It is 
redirected to a series of retention ponds where it is held for several months in order to 
reduce high biological and chemical oxygen demands to acceptable discharge levels. 
Evaporator water used in the boiling process is discharged daily at an average rate of 23 
mgd at Alma sugar mill. The organic characteristics of wash water and evaporator water 
dictate the oxygen demands that each places on receiving water bodies. Although sugar 
content is relatively high in evaporator water, the microbial and chemical activity that 
occurs in wash water creates exponentially higher oxygen demands when comparing the 
two effluents.  
 While chemical oxygen demand measures the amount of oxygen that is used in all 
chemical and biological oxidative pathways, biological oxygen demand is narrower in 
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scope, only measuring biological oxidative activity. Wash water is marked by a substantial 
deficit between COD and CBOD5 (Table 2.5). A possible explanation for this is the high 
amounts of ammonium in the water, which create a high nitrogenous oxygen demand that 
is not reflected in carbonaceous BOD analysis. Additionally, wash water includes a portion 
of ash slurry which results from the washing of equipment within the mill.  
Table 2.5 Oxygen demand of wash water and evaporator water during the milling season.  
  *Wash Water *Evaporator Water 
aFiltered COD 521 - 748 14 - 60 
Unfiltered COD 827 - 999 18 - 68 
bCBOD5 257 - 370 13 - 42 
* Concentrations reported in mg/L as a range of values 
a Filtered to 0.45 μm 
b Nitrification inhibitor added to samples 
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Figure 2.6 Chemical oxygen demand (filtered and unfiltered) of (a) retention pond 4 and 
(b) evaporator water pond from October 2013 to July 2014. 
Chemical oxygen demand was monitored monthly in retention pond 4 and the 
evaporator pond. Assuming pond 4 provides a universal representation of all retention pond 
wash water, it is evident that the organic load flowed to the ponds during the milling season 
resulted in substantial COD levels, ranging from 800-1000 mg/L (Figure 2.6). Evaporator 
water COD is minimal compared to wash water COD, but given the fact that it is discharged 
daily and in greater volumes dictates a much quicker reduction in oxygen demand. COD 
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and CBOD5 levels reached as high as 68 mg/L and 42 mg/L, respectively, during the 
milling season. 
After the milling season, a rapid decline in wash water COD levels was observed. 
This decrease can be attributed to the lack of incoming organic matter and the growth of 
heterotrophic biomass during the early spring months. Increased temperatures allow algae 
and bacteria to grow more rapidly and hasten the process of carbon assimilation into 
biomass. Heterotrophic biomass consumed organic carbon beginning in March of 2013 and 
autotrophic biomass consume inorganic carbon during the summer, resulting in slight 
variations in filtered and unfiltered COD levels. Both autotrophic and heterotrophic 
biomass generate COD when they decay, releasing organic carbon into the water column. 
This is reflected in relatively consistent COD observations throughout the spring and 
summer. Harnessing peaks in algal growth during this time by way of biomass harvesting 
could result in further depletion of COD. 
2.5 Conclusions 
 
The poor quality and immense volume of sugar mill effluents continues to 
challenge the Louisiana sugarcane industry to find efficient and cost-effective solutions to 
treat these wastewaters. The excessive amounts of nitrogen (24-75 mg-N/L), phosphorus 
(30-48 mg-P/L), and carbon (844-1148 mg-COD/L) make these effluents attractive 
candidates for algal growth mediums. Additionally, algae grown in these effluents can 
oxygenate the water, increasing the low dissolved oxygen levels of 1-2 mg-O2/L found in 
wash water and evaporator water during the milling season. Conductivity levels well above 
1500 μS/cm during and after the milling season provide strong evidence for the presence 
of high dissolved solids in wash water. During the milling season the pH of wash water 
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ranged from 7.2-8.5 and increased steadily to values between 8 and 9 after milling ended. 
Evaporator water had slightly lower pH values ranging from 6.5-7, and during milling 
experienced high temperatures of 39 °C. The volume of water used and discharged during 
milling varied depending on weather conditions and amount of raw cane being processed. 
Evaporator water was discharged at an average rate of 23 mgd and wash water varied 
between 1000 and 3000 gpm.  
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3. Impact of Louisiana Co-culture (Chlorella vulgaris/Leptolyngbya sp.) on 
Sugar Mill Effluents 
 
3.1 Introduction 
 
 Algae have been employed as a remediation strategy in a variety of industrial, 
municipal, and agricultural wastewaters for several decades (Christenson and Sims 2011; 
Munoz and Guieysse 2006; Park et al. 2011; Rawat et al. 2011). The ability of algae to 
uptake nitrogen and phosphorus, as well as organic carbon, make these unicellular 
organisms advantageous in both water treatment and biofuel/bioproduct production 
industries (Pittman et al. 2010; Rawat et al. 2011). The effluents of sugar mills have been 
characterized as high in nitrogen, phosphorus and organic carbon constituents (Day 1980; 
Saranraj and Stella 2014; Simpson and Hemens 1973). The substantial volume of effluents 
produced during the milling season creates a significant strain on sugar mills to effectively 
treat these wastewaters before discharge (Day 1980), but also creates an opportunity for 
algae to be used in a water treatment and value-added strategy. 
 Sugar mills have been identified as possible biorefineries, which process multiple 
lignocellulosic feedstocks and generate a variety of chemical products including biofuels 
and bioproducts (Rein 2007). The effluents of such biorefineries would be similar to that 
of a sugar mill, but significantly greater in terms of volume of discharge assuming a facility 
would operate for longer than three months per year. The massive volumes of nutrient-rich 
effluents discharged provide a low to no cost source of nutrients otherwise costing $400 
per acre, assuming a pond depth of 20 cm (Sun et al. 2011). This creates an opportunity for 
microalgae to treat these effluents and produce additional biomass, which can then be 
processed by on-site infrastructure (Kim and Day 2011; Olguin 2012).   
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3.1.1 Louisiana Sugar Mill Effluent Characteristics 
 
 An EPA survey estimated a sugarcane milling process in Louisiana produces 
roughly 1600 gallons of cane wash water and 2300 gallons of evaporator water per ton of 
cane processed (Day 1980). These effluents have been shown to exhibit high oxygen 
demands and high levels of nitrogen, phosphorous, and ammonium (Khan et al. 2006 
Cheesman 2004). Sugar mill wash water can have biological oxygen demand (BOD) values 
ranging from 6 to 1190 mg/L (Middlebrooks 1979). In a study conducted by Batubara and 
Adrian (2011), a Louisiana sugar mill was observed to have BOD values ranging from 360-
876 mg/L. These wastewaters, especially evaporator water, contain high amounts of 
glucose, sucrose, fructose, acetate, and butyrate (Horecky and Saska 2004, Sanchez et al. 
1996). In previous studies conducted at Alma sugar mill in Lakeland, LA (Chapter 2), total 
nitrogen, total phosphorus, and chemical oxygen demand (COD) were found to have 
concentrations of 24-75 mg/L, 30-48 mg/L, and 844-1148 mg/L, respectively. 
3.1.2 Nutrient Uptake Ability of Algae in Sugar Mill Effluents 
 
 The metabolic capabilities of bacteria have been well established and serve as the 
basis for substrate utilization kinetics, but algae have also demonstrated an ability to 
assimilate organic and inorganic forms of carbon, nitrogen, and phosphorus in a variety of 
wastewaters (Gouveia 2011; Neilson and Lewin 1974). The ratio of carbon to nitrogen to 
phosphorus (C:N:P) in an aquatic medium determines the rate and efficiency that algae can 
grow and treat the water (Wang et al. 2013). This ratio, referred to as the Redfield ratio, is 
106:16:1 (Redfield et al. 1963). In most cases, nitrogen is the limiting nutrient in sugar mill 
effluents and can be the cause of hindered growth (Simpson and Hemens 1973). Despite 
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limiting conditions, algae are capable of high biomass yields and significant nutrient 
reductions in a variety of wastewaters including sugar mill effluents. 
Some algal species are able to utilize organic (heterotrophy) and inorganic 
(autotrophy) carbon sources simultaneously in what is known as mixotrophy. Heredia-
Arroyo et al. (2011) found that Chlorella vulgaris yields higher biomass in mixotrophic 
mediums when compared to that of heterotrophic and autotrophic growth. Further, the 
organic carbon sources of the mixotrophic treatments used in these experiments consisted 
of glucose at varying concentrations. As previously mentioned, sugar mill effluents contain 
significant amounts of simple carbohydrates such as glucose. This creates an opportunity 
for algae, specifically C. vulgaris, to be employed in a remediation strategy. In a study 
conducted by Meneses et al., a 50.3% reduction in BOD was observed in wind-mixed 
facultative  wastewater stabilization ponds that experienced algal growth as a natural 
organic biodegradation mechanism.  The naturally occurring mixotrophic conditions in 
sugar mill retention ponds provide favorable light intensity and wind to reduce organic 
content in the effluents. 
Microalgae have been proven to significantly reduce the amount of nitrogen and 
phosphorus in municipal and agricultural wastewater while oxygenating the water 
simultaneously (Shi et al. 2007). Aslan and Kapdan (2006) found complete ammonia 
nitrogen (NH4-N) removal by Chlorella vulgaris when initial concentrations were below 
21.2 mg/L. When initial concentrations were between 41.8 and 92.8 mg/L, 50% removal 
efficiency was observed. A pH of 7 was maintained to ensure no ammonia removal through 
gas volatilization. Phosphate removal was also analyzed in the experiment and concluded 
that C. Vulgaris is very efficient (78%) in removing phosphorus when initial concentrations 
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are below 7.7 mg/L. Optimizing the nitrogen to phosphorus ratio and the light to dark 
cycles can increase the nutrient removal of microalgae in wastewater (Feng et al. 2011; Lv 
et al. 2010). 
3.1.3 Selection of Chlorella vulgaris and Leptolyngbya sp. Co-culture 
 
The microalgae/cyanobacteria [Chlorella vulgaris (Chlorophyta) and Leptolyngbya 
sp. (Cyanobacteria)] that was used in this thesis research is a co-culture of green and blue-
green algae native to southern Louisiana. This particular strain has shown a higher growth 
rate than a C. vulgaris monoculture, displays high lipid productivity, and possesses the 
necessary robustness to thrive in an outdoor pond environment susceptible to invasive algal 
species (Tate et al. 2013). The co-culture also demonstrated substantial lipid production 
ability, reaching rates of 116 g m-3 d-1 (Bai et al. in review). Additionally, the co-culture 
displayed maximum biomass yields in mixotrophic growth regimes using sodium acetate 
as an organic carbon source (Silaban 2013). The organic carbon found in the wash water 
effluents will create similar culture conditions. 
3.2 Materials and Methods 
 
 A series of algal growth experiments were performed using wash water and 
evaporator water from Alma Plantation sugar mill in Lakeland, LA. Each experiment was 
intended to assess the nutrient and organic uptake ability, growth rate, and biomass 
productivity of a native Louisiana co-culture of microalgae and cyanobacteria (Chlorella 
vulgaris/Leptolyngbya sp.) in differing treatments. The co-culture was originally isolated 
from College Lake in Baton Rouge, LA and maintained in the Water Quality Laboratory 
of the Department of Civil and Environmental Engineering at Louisiana State University. 
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The first experiment was designed as a preliminary growth trial to determine the 
ability of the co-culture to grow in the effluents. Once a positive growth rate was 
determined, additional growth experiments using wash water and evaporator water in 
different ratios were conducted. Additionally, fresh wash water from Alma sugar mill was 
collected during and after the 2014 milling season and used in growth experiments to 
determine the effect of filtered versus unfiltered wash water as well as inoculated versus 
non-inoculated treatments. In each experiment, optical density was determined using a 
Hach spectrophotometer at a wavelength of 664 nm, and cell counts were determined using 
a BD Accuri™ C6 flow cytometer. No CO2 was added to any of the treatments in order to 
determine organic uptake potential of the co-culture in the sugar mill effluents. Initial and 
final biomass were also analyzed for each sample according to the WQL SOP PA 200 
procedure of the LSU Civil and Environmental Engineering Department adapted from 
Standard Method 2540 D (APHA 2005). 
3.2.1 Preliminary Growth Trial Experimental Design 
 
 The preliminary growth trial was a randomized block one-factor design comparing 
four different ratios of wash water and evaporator water. Treatments consisted of wash 
water and evaporator water at ratios of 25:75, 50:50, 75:25, and 100:0, run in duplicate. 
The water used in the preliminary trial was collected and preserved at -20 °C during the 
2013 milling season. Before use in the growth experiment, both the wash water and 
evaporator water were filtered to 0.2 micron.  Each treatment had an initial volume of 1000 
mL and was maintained in 2 liter glass Erlenmeyer flasks. The flasks sat in a recirculating 
water bath intended to maintain a temperature of 25 ± 2 °C and air was supplied to each 
experimental flask at a rate of 0.5 SCFH, providing agitation to the cultures simultaneously. 
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One 400 watt HPS light was centrally located above the water bath to provide a scalar 
irradiance of 400 μmol s-1 m-2 to all flasks, measured with a LI-1400 Data Logger and LI-
193 Underwater Spherical Quantum Sensor (LI-COR USA). Daily readings included 
temperature, pH, optical density, and cell counts.  
3.2.2 Wash Water and Evaporator Water Ratio Experimental Design 
 
 The experiment was performed in batch mode following a randomized block one-
factor design (ratio of wash water to evaporator water). A total of six different treatments 
were conducted in three batches, each treatment run in triplicate. Wash water and 
evaporator water were collected from Alma sugar mill after the milling season and 
preserved at -20 °C before being used in batch growth experiments. The waste waters were 
thawed and filtered with 0.2 µm polypropylene cartridge filters before being mixed at ratios 
of 0:100, 25:75, 50:50, 75:25, and 100:0 wash water to evaporator water, respectively. The 
first batch consisted of treatment ratios 0:100, 50:50, and 100:0 wash water to evaporator 
water, respectively. The second batch consisted of treatment ratios 25:75, 50:50, and 75:25 
wash water to evaporator water, respectively. The 50:50 ratios serve as a basis of 
comparison between the two batch runs. The third batch run consisted of six Bold’s Basal 
medium (BBM) treatments and served as a basis of comparison for growth rate, biomass 
yield, and nutrient effects. BBM was prepared with nanopure water and sterilized solutions 
consisting of NaNO3, MgSO4·7H2O, NaCl, K2HPO4, KH2PO4, and CaCl2·2H2O at 
concentrations of 2.94 mM, 0.304 mM, 0.43 mM, 0.43 mM, 1.29 mM, and 0.17 mM, 
respectively. Additionally, P-IV metal, vitamin B12, thiamine vitamin, and biotin vitamin 
solutions were added to each BBM treatment. The pH of each BBM sample was neutralized 
to a value of 7.0-7.5 prior to inoculation to ensure proper initial growth conditions.   
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Temperature, initial pH, average scalar irradiance, and aeration were maintained at 
25 ± 2 °C, 7.5 ± 1, 400 μmol s-1 m-2, and 0.5 SCFH respectively for each batch run. Samples 
were contained in 2 liter glass Erlenmeyer flasks, which were housed in a shallow water 
bath held at approximately 25 °C by a recirculating water pump. Two 400 watt HPS lights 
were centrally located over two sets of six flasks to ensure equivalent lighting. A random 
number generator determined the position of the flasks (0-12). An air pump connected to a 
PVC air distribution manifold delivered air to the flasks, and no CO2 was added at any time 
during the experiment. 
The levels of the following nutrients were analyzed on the start and end days of 
each batch run followed by the method by which they were measured: nitrate-N (EPA 
10206), nitrite-N (EPA 8507), total nitrogen (APHA 4500-N C), orthophosphate (APHA 
4500-P F), total phosphorus (APHA 4500-P H), and chemical oxygen demand (APHA 
5220 D). In addition to the aforementioned nutrient measurements, initial and final biomass 
were also measured. An initial volume of 1200 mL was used for each sample to account 
for initial nutrient and biomass measurements. The end day was determined by the 
transition from the exponential growth phase to the stationary phase. The results of this 
experiment were used to determine which treatment was to be used in the filtered and 
unfiltered media experiments. 
3.2.3 Filtered and Unfiltered Wash Water Experimental Design 
 
 Based on the results of the previous experiment, three separate batch growth 
experiments were performed during and after the 2014 milling season using wash water 
from Alma sugar mill. The experiment followed a randomized block three-factorial design 
(milling/non-milling media, filtered/unfiltered, inoculated/non-inoculated). The water was 
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collected 1) during the milling season and 2) at two separate sampling events one month 
after milling ended. After each sampling event, the water was held at 4 °C for no longer 
than 72 hours before the start of the batch run.  In each batch experiment, four different 
treatments were evaluated in triplicate: 1) filtered inoculated, 2) filtered non-inoculated, 3) 
unfiltered inoculated, and 4) unfiltered non-inoculated. Wash water was filtered using 
Parker polypropylene microfiber cartridge filters with a 99.98% removal efficiency of 
particles larger than 2.2 µm. This filtration technique was used to reduce the load of native 
algae inherent in the wash water ponds and did not include sterilization. 
 The experimental setup was the same as previous batch runs (Section 3.2.2) with 
respect to average scalar irradiance, initial pH, and temperature. Sample volumes were 
approximately half of previous experiments, therefore aeration was delivered at a 
proportional rate (0.25 SCFH). The same initial and final nutrients as previous batch runs 
(Section 3.2.2) were analyzed with the exception of nitrite-N. During the characterization 
of wash water, it was determined that the level of nitrite present is negligible. Additionally, 
initial and final carbonaceous biological oxygen demand (CBOD5) was measured 
according to Standard Method 5210 B (APHA 2005) as a supplemental comparison to 
chemical oxygen demand (COD).  
3.2.4 Determination of Specific Growth Rate and Biomass Productivity 
In all growth experiments, the specific growth rate (μmax, day-1) of the 
microalgae/cyanobacteria co-culture was determined using Eq. (1). 
μmax =
ln
Nf
Ni
⁄ ⁡
tf−ti
        (1) 
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Ni and Nf are initial and final cell concentrations, respectively, determined via flow 
cytometry at ti, the start of exponential growth phase and tf, the end of exponential growth 
phase. Biomass productivity (Pmax, mg/L day) was determined using Eq. (2). 
Pmax =
Xmax−Xi⁡
tf−ti
       (2) 
Xi and Xmax are initial and final biomass concentrations determined on the start (ti) and end 
(tf) days of the experiment, respectively. One-way ANOVA testing was used in conjunction 
with 95% confidence interval Tukey testing to compare data from different treatments.  
3.3 Results and Discussion 
 
 Analysis of treatments consisting of varying ratios of wash water and evaporator 
water demonstrated that in most cases higher portions of wash water were consistent with 
higher growth rate, higher biomass productivity, and more efficient nitrogen, phosphorus, 
and COD removal. The exponential growth phase of the co-culture in these treatments 
typically ended between the fourth and sixth day of experimentation. The limiting nutrient 
is nitrogen if applying a C:N:P of 106:16:1 (Redfield 1963). Another limiting factor that 
cannot be ignored is the rise in pH over the course of the experimental runs. Because these 
treatments received no carbon dioxide addition other than that which is in air, the pH grew 
to levels of 10 or higher. At pH levels of 9.5 or higher, the inhibition of biomass 
assimilation and carbon uptake can occur in Chlorella vulgaris (Azov 1982). 
Because the co-culture accumulated biomass and consumed nutrients and organic 
carbon most efficiently in the 100% wash water treatment, this treatment was chosen to be 
the focus of an additional set of experiments. The effects of ubiquitous microbial life versus 
the effects of the co-culture on the wash water was sought to be determined. The resulting 
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growth rates, biomass productivities, and nutrient removal efficiencies were evaluated for 
subsequent integration into a Stella water quality model. 
3.3.1 Statistical Analyses 
 
One-way ANOVA (analysis of variance) of growth rate, biomass concentration and 
productivity, nitrogen removal efficiency, phosphorus removal efficiency, and COD 
removal efficiency was conducted in order to determine statistical significance due to 
differing ratios of wash water and evaporator water in treatments. Tukey testing was used 
to determine statistical significance among milling/non-milling, filtered/unfiltered, and 
inoculated/non-inoculated treatments within a 95% confidence interval for the same 
parameters. For all analyses, p < 0.05 was considered significant and analyses were 
executed using SAS (version 9.4). 
3.3.2 Nutrient Limitation 
 
The ratio of carbon to nitrogen to phosphorus determines which nutrient will limit 
the growth of algae. Because COD values are high, the N:P ratio is of particular interest in 
these experiments. In all ratio experiments and wash water experiments the ratio of 
nitrogen to phosphorus ranges from 2 to 4. Assuming a ratio less than 10 leads to nitrogen 
limitation, it can be concluded that the growth of algae in each of the experiments 
conducted was limited by nitrogen.  
3.3.3 Growth Rates and Biomass Productivity 
 
 All treatments with at least 25% wash water content exhibited growth rates 
significantly higher than that of the Bold’s basal medium controls (Table 3.1), with the 
100% wash water treatment performing best with a μmax of 1.21 day-1. Treatments with at 
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least 50% wash water demonstrated significantly higher final biomass and biomass 
productivity (p < 0.05) than the BBM control samples (Table 3.2).  
Table 3.1 Growth rate (mean ± standard deviation) of co-culture in different ratios of 
wash water and evaporator water. 
Treatment *Growth rate (d-1) P-value 
Comparison with 
BBM control** 
BBM  0.77 ± 0.06a   
0:100 0.25 ± 0.04b <0.0001 Lower, S 
25:75 0.99 ± 0.11c 0.001 Higher, S 
50:50 1.11 ± 0.01cd <0.0001 Higher, S 
75:25 1.02 ± 0.03cd 0.0002 Higher, S 
100:0 1.21 ± 0.03d <0.0001 Higher, S 
*Subscripts represent statistical significance between treatments (p-value < 0.05) 
**S represents statistical significance 
 
The 100% wash water treatment exhibited the highest specific growth rate, final 
biomass, and biomass productivity. The 100% evaporator water (0% wash water) treatment 
demonstrated very poor growth rate, and biomass accumulation was in the form of a 
consortium of bacteria, not the Louisiana co-culture. The cause of growth inhibition in 
these particular effluents was investigated. It was determined that the lack of growth in 
evaporator effluents is not due to inhibitory factors such as acute toxicity of metals, rather 
it is directly related to the nitrogen and phosphorus content of the water.  
 The substantial gap between BBM control treatments and sugar mill effluent 
treatments in co-culture growth and biomass accumulation shows significant potential for 
use of these effluents as a cultivation medium in a biomass production process. For 
biorefineries to be financially viable, operation costs need to be reduced. The nutrients 
available in sugar mill effluents can help alleviate nutrient costs, making algal biomass 
production more feasible. 
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Table 3.2 Final biomass concentration and biomass productivity (mean ± standard 
deviation) of co-culture in different ratios of wash water and evaporator water.  
Treatment 
*Final biomass concentration 
(mg/L) 
*Biomass productivity 
(mg/L d) 
BBM 183 ± 23a 20 ± 4a 
0:100 173 ± 12a 19 ± 1a 
25:75 33 ± 12b 3 ± 2b 
50:50 427 ± 46c 59 ± 7c  
75:25 527 ± 50cd 72 ± 7c 
100:0 600 ± 72d 95 ± 7d 
*Subscript letters represent statistical significance between treatments (p-value < 0.05) 
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Figure 3.1 (a) Maximum final biomass, Xmax, and (b) biomass productivity, Pmax, (mean ± 
standard deviation) of co-culture in differing ratios of wash water and evaporator water. 
100% wash water demonstrated the highest Xmax and Pmax values. BBM represents Bold’s 
Basal medium control. 
 
 In the series of experiments investigating filtered, unfiltered, inoculated, and non-
inoculated wash water, the most significant variation in growth rate (Table 3.3) was 
observed between filtered/inoculated water used during the milling season (experiment 
“a”) and after the milling season (experiments “b” and “c”). The highest growth rate in all 
of the wash water experiments was 1.42 ± 0.07, which was the average of filtered/non-
inoculated treatments during the milling season. The reason for rapid algal growth in 
filtered/non-inoculated samples is that initially these samples contained a small population 
of algal cells that the cartridge filters could not eradicate. These cells were small in size 
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and grew exponentially, which is reflected in high growth rates. However, because the cells 
were smaller, the final biomass in these samples was lower than unfiltered samples and 
samples inoculated with co-culture. The most significant differences in final biomass and 
biomass productivity were observed between filtered and unfiltered treatments (Figure 
3.3). Specific growth rate accounted for only algae present within each sample. Biomass 
measurements included all biomass greater than 1.2 µm, which was the pore size of the 
glass fiber filters used in analysis.  
Table 3.3 Growth rate (mean ± standard deviation) of filtered, unfiltered, inoculated, and 
non-inoculated treatments. 
Treatment *Growth rate (d-1) Treatment *Growth rate (d-1) 
FIa 1.39 ± 0.11a UFIa 1.30 ± 0.15ab 
FIb 0.83 ± 0.08b UFIb 1.13 ± 0.13ab 
FIc 0.84 ± 0.06b UFIc 1.08 ± 0.03ab 
FNIa 1.42 ± 0.07a UFNIa 1.36 ± 0.30a 
FNIb 1.36 ± 0.37a UFNIb 1.20 ± 0.13ab 
FNIc 1.22 ± 0.18ab UFNIc 1.15 ± 0.05ab 
*Subscript letters represent statistical significance between treatments (p-value < 0.05) 
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Figure 3.2 Maximum specific growth rate (mean ± standard deviation) of 
filtered/inoculated (FI), filtered/non-inoculated (FNI), unfiltered/inoculated (UFI), and 
unfiltered/non-inoculated (UFNI) wash water during the milling season (a) and after the 
milling season ended (b and c). 
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Table 3.4 Final biomass concentration and biomass productivity (mean ± standard 
deviation) of filtered, unfiltered, inoculated, and non-inoculated treatments. 
Treatment 
*Final biomass concentration 
(mg/L) 
*Biomass productivity 
(mg/L d) 
FIa 1027 ± 42cd 186 ± 9bc 
FIb 620 ± 92f 97 ± 18e 
FIc 667 ± 81ef 109 ± 17de 
FNIa 853 ± 141de 150 ± 28cd 
FNIb 533 ± 42f 83 ± 8e 
FNIc 507 ± 64f 74 ± 14e 
UFIa 1147 ± 58bc 234 ± 14ab 
UFIb 1367 ± 23ab 240 ± 4a 
UFIc 1380 ± 69a 244 ± 14a 
UFNIa 1140 ± 40bc 232 ± 11ab 
UFNIb 1087 ± 46c 186 ± 10bc 
UFNIc 953 ± 142cd 161 ± 29c 
*Subscript letters represent statistical significance between treatments (p-value < 0.05) 
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Figure 3.3 (a) Maximum final biomass, Xmax, and (b) biomass productivity, Pmax, (mean ± 
standard deviation) of filtered/inoculated (FI), filtered/non-inoculated (FNI), 
unfiltered/inoculated (UFI), and unfiltered/non-inoculated (UFNI) wash water during the 
milling season (a) and after the milling season ended (b and c). 
 
The high growth rates and biomass productivities of unfiltered samples not inoculated 
with the co-culture behave similarly to the retention ponds during the spring months. When 
temperatures increase following winter, conditions become favorable for heterotrophic 
growth and algal blooms occur in the retention ponds at Alma sugar mill. 
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3.3.4 Theoretical Biomass Yield at Sugar Mill 
 
 Due to the substantial biomass productivities observed in treatments with at least 
50% wash water, determining the theoretical biomass yields in a full scale production 
operation is a useful practice. In order to culture algae, specifically Louisiana co-culture, 
during the milling season water temperature would need to be high enough to adequately 
support growth. An optimal path in achieving appropriate temperatures is by mixing a 
portion of evaporator water with wash water. It has been established that higher biomass 
productivities are related to media with higher wash water percentages. Optimizing this 
mixing ratio can produce water with suitable temperatures to support the growth of algae 
in the winter months of the milling season (Table 3.5). As temperatures decrease from 
October to December, 100% wash water becomes less viable as a growth medium for algae. 
However, 75:25 and 50:50 ratios can sustain temperatures high enough to support algal 
growth throughout the entirety of the milling season. 
Table 3.5 Temperature* of wash water and evaporator mixed at different ratios 
throughout a three-month milling season from October-December.  
Month Wash Water Evap. Water 100:0 Mix 75:25 Mix 50:50 Mix 
October 20 39 20 24.8 29.5 
November 15 39 15 21 27 
December 12 39 12 18.8 25.5 
*All values reported in degrees C. 
 
  In order to fully understand the biomass yield capabilities of co-culture in sugar 
mill effluents, a relationship between post-milling media and media utilized during the 
milling season was established (Figure 3.4). The Pmax values of the 100:0 (post-milling 
water) and FIa treatments establish this ratio (milling water). This Pmax ratio is 
approximately 0.51, which equates to milling season wash water producing roughly twice 
the amount of biomass as post-milling wash water. Adhering to this ratio, milling season 
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biomass yields were calculated for 75% and 50% wash water treatments. Linear regression 
analysis produced an R2 value of 0.97 for both curves, respectively. 
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Figure 3.4 (a) Theoretical biomass productivities of milling experiments based on FIa 
Pmax and (b) experimental biomass productivities of media collected post-milling. 
R2=0.97 for both graphs. 
 
Table 3.6 Theoretical biomass yields at different ratios of wash water and evaporator 
water based on a 50 cm pond depth and 300 day/year operating season. Mixed water 
temperatures (average ± standard deviation) are based on a three-month milling season 
from October-December. 
Ratio 
Experimental 
Temp (°C) 
Mixed Water 
Temp (°C) 
Pmax (mg/L d) 
Theoretical Yield 
(ton/ha yr) 
100:0 25 ± 2 15.7 ± 4 95 157 
75:25 25 ± 2 21.5 ± 3 72 119 
50:50 25 ± 2 27.3 ± 2 59 98 
*BBM 25 ± 2 25 ± 2 20 33 
a100:0 25 ± 2 15.7 ± 4 186 308 
m75:25 25 ± 2 21.5 ± 3 140 232 
m50:50 25 ± 2 27.3 ± 2 115 190 
aFIa treatment from 100% wash water experiment during milling season.  
mTheoretical Pmax during milling season based on Figure 3.4 regression analysis 
*Bold’s Basal media control treatment 
 
The biomass yield potential of differing ratios of wash water and evaporator water 
is presented in Table 3.6. Throughout the milling season, temperature variations will 
change the optimum ratio of wash water to evaporator water for algal culture. However, it 
is readily apparent that significant yields can be expected. Further investigation into the 
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properties of the biomass must be conducted in order to determine potential energy and by-
product yields. 
3.3.5 Nitrogen Consumption and Transformation 
 
 The majority of nitrogen found in sugar mill wash water was in the reduced form 
of ammonium. The 100% wash water treatment had the highest portion of NO3-N and NO2-
N at approximately 7% of total filtered nitrogen. This is important to highlight because 
when algae, specifically Chlorella sp., are exposed to both ammonium and nitrate, 
ammonium is typically the preferred source of nitrogen (Ludwig 1938). Further, when 
ammonium concentrations are high (~3.0 μmol/L), nitrate and nitrite utilization is inhibited 
(Conway 1977). The aerobic nitrification pathway of nitrate to nitrite to ammonium is 
required for cellular uptake to occur. When ammonium is already present in high levels, 
this process is no longer needed and nitrate and nitrite are left out of the metabolic chain. 
Table 3.7 Removal percentages for NO3-N, total filtered nitrogen (TN
f), and total 
unfiltered nitrogen (TNuf) of co-culture in different ratios of wash water and evaporator 
water. 
Treatment *NO3-N 
*TNf *TNuf 
BBM 47 ± 2a 30 ± 3a 7 ± 3a 
0:100 25 ± 12b 78 ± 6bc -94 ± 27d 
25:75 29 ± 7b 70 ± 9b 9 ± 6ab 
50:50 26 ± 9b 86 ± 5c 18 ± 12bc 
75:25 24 ± 4b 89 ± 4c 40 ± 13c 
100:0 65 ± 2c 85 ± 2c 8 ± 6a 
*Values reported in percentages (mean ± standard deviation). Subscript letters represent 
statistical significance between treatments (p-value < 0.05). 
A noteworthy observation is that all treatments displayed a substantial difference 
in filtered and unfiltered total nitrogen removal (Table 3.7). Total nitrogen measures both 
inorganic and organic nitrogen content, therefore the high removal percentages seen in total 
filtered nitrogen and the low removal percentages seen in total unfiltered nitrogen 
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demonstrate that nitrogen is being organically bonded and assimilated into algal biomass 
(Figure 3.5). In the 0% to 75% wash water treatments, initial nitrate concentrations are 
below 0.5 mg-N/L and do not vary significantly from final concentrations. This illustrates 
the preferential nitrogen source of C. vulgaris is ammonium rather than nitrate (Figure 3.6). 
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Figure 3.5 Initial and final (a) filtered and (b) unfiltered total nitrogen concentrations 
(mg-N/L) of samples with differing ratios of wash water and evaporator water.  
* Indicates filtered TN analyses. 
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Figure 3.6 Initial and final NO3-N and NO2-N concentrations of samples with differing 
ratios of wash water and evaporator water. 
  
The series of experiments investigating filtered, unfiltered, inoculated, and non-
inoculated 100% wash water displayed similar results with respect to organic nitrogen 
assimilation by algae (Figure 3.7). Nitrate uptake inhibition was more prominent in this 
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series of experiments as observed with very low NO3-N removal and in some cases 
increases in NO3-N (Figure 3.8). Most of the nitrogen was in the form of ammonium and 
was readily consumed by all of the wash water treatments. Although there was statistical 
significance between these treatments (Table 3.8), no discernable pattern could be 
determined between total nitrogen uptake rates with respect to filtered/unfiltered, 
milling/non-milling, inoculated/non-inoculated factors. 
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Figure 3.7 Initial and final (a) filtered and (b) unfiltered total nitrogen concentrations 
(mg-N/L) of filtered/inoculated (FI), filtered/non-inoculated (FNI), unfiltered/inoculated 
(UFI), and unfiltered/non-inoculated (UFNI) wash water during the milling season (a) 
and after the milling season ended (b and c). * Indicates filtered TN analyses. 
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Figure 3.8 Initial and final NO3-N concentrations of filtered/inoculated (FI), filtered/non-
inoculated (FNI), unfiltered/inoculated (UFI), and unfiltered/non-inoculated (UFNI) wash 
water during the milling season (a) and after the milling season ended (b and c). 
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Table 3.8 Removal percentages for NO3-N, total filtered nitrogen (TN
f), and total 
unfiltered nitrogen (TNuf) of filtered, unfiltered, inoculated, and non-inoculated 
treatments. 
Treatment *NO3-N 
*TNf *TNuf 
FIa 52 ± 2a 81 ± 4ab 15 ± 5bcd 
FIb 14 ± 1bc 73 ± 2abcd 32 ± 2ab 
FIc 13 ± 1bc 68 ± 4bcd 12 ± 7cd 
FNIa -0.01 ± 3c 84 ± 6a 19 ± 7abc 
FNIb -31 ± 17d 63 ± 5cd 34 ± 4a 
FNIc -108 ± 14e 59 ± 14d 19 ± 14abc 
UFIa 32 ± 3ab 75 ± 2abc -2 ±  1d 
UFIb 2 ± 2c 78 ± 2abc 28 ± 4abc 
UFIc 5 ± 5c 78 ± 1abc 24 ± 2abc 
UFNIa -6 ± 12c 63 ± 3cd -2 ± 1d 
UFNIb 0.4 ± 1c 72 ± 2abcd 19 ± 5abc 
UFNIc -2 ± 1c 65 ± 3cd 17 ± 4abc 
*Values reported in percentages (mean ± standard deviation). Subscript letters represent 
statistical significance between treatments (p-value < 0.05). 
Nitrate increased in all non-inoculated treatments, but final biomass was lower 
when compared to inoculated treatments. This suggests that the ammonium was being 
oxidized to nitrate via aeration in the flasks, but the native algae from the wash water were 
not assimilating the nitrate into biomass. Total unfiltered nitrogen increased in unfiltered 
milling season treatments suggesting nitrogen fixation was occurring more readily due to 
the high bacterial populations present in these waters. Removal percentages of total filtered 
nitrogen for the 100% wash water experiments ranged from 59-84% removal. Because 
nitrogen is the limiting nutrient in this system, nitrogen assimilation was most likely halted 
prematurely due to a detrimental N:P ratio and/or high pH levels. Despite these limiting 
factors, the co-culture displayed a remarkable ability to efficiently uptake nitrogen from 
the sugar mill effluents in a variety of treatments. 
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3.3.6 Phosphorus Consumption 
 
 The co-culture demonstrated remarkable phosphorus uptake capabilities, depleting 
the nutrient-rich effluents to orthophosphate (OP) concentrations below 0.5 mg-P/L in 
treatments with an initial OP levels ≤ 10 mg-P/L. As seen by the high final unfiltered total 
phosphorus (TP) and low final filtered total phosphorus concentrations, it is evident that 
the inorganic phosphorus in the water is being assimilated into organic phosphorus in the 
form of biomass (Figures 3.9 and 3.10). 
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Figure 3.9 Initial and final (a) filtered and (b) unfiltered total phosphorus concentrations 
(mg-P/L) of samples with differing ratios of wash water and evaporator water. * Indicates 
filtered TP analyses. 
 
 All treatments with at least 25% wash water displayed significantly higher filtered 
total phosphorus removal percentages (p < 0.05) than the Bold’s Basal media controls and 
0% wash water treatments (Table 3.9). Total filtered phosphorus concentrations and OP 
concentrations were very similar indicating little or no organic phosphorus was being 
included in the filtered TP analysis. Most of the phosphorus content in the treatments 
originated in the wash water, with evaporator water contributing as much as 0.5 mg-P/L 
(Figure 3.9).  
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Table 3.9 Removal percentages for total filtered phosphorus (TPf), and total unfiltered 
phosphorus (TPuf) of co-culture in different ratios of wash water and evaporator water. 
Treatment *TPf *TPuf 
BBM 13 ± 2a -1 ± 1 a 
0:100 18 ± 2a -3 ± 5b 
25:75 85 ± 14b -1 ± 4c 
50:50 96 ± 1b -3 ± 7b 
75:25 93 ± 3b 6 ± 4d 
100:0 94 ± 3b 6 ± 4d 
*Values reported in percentages (mean ± standard deviation). Subscript letters represent 
statistical significance between treatments (p-value < 0.05). 
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Figure 3.10 Initial and final (a) filtered and (b) unfiltered total phosphorus concentrations 
(mg-P/L) of filtered/inoculated (FI), filtered/non-inoculated (FNI), unfiltered/inoculated 
(UFI), and unfiltered/non-inoculated (UFNI) wash water during the milling season (a) 
and after the milling season ended (b and c). * Indicates filtered TP analyses. 
Similar to nitrogen, there is no statistical pattern in phosphorus removal among 
inoculated and non-inoculated treatments (Table 3.10). This suggests the removal 
efficiency of phosphorus by ubiquitous algae and bacteria in the sugar mill wash water 
ponds is similar to that of the Louisiana co-culture. Both inoculated and non-inoculated 
treatments performed very well in removing phosphorus, ranging from 85-99% OP 
removal. The implications of these findings in an industrial setting suggest a mixed culture 
of algae grown in an outdoor system will perform as well or better in removing phosphorus 
than an isolated culture of the microalgae/cyanobacteria under the same growth conditions.  
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Table 3.10 Removal percentages for total filtered phosphorus (TPf), and total unfiltered 
phosphorus (TPuf) of filtered, unfiltered, inoculated, and non-inoculated treatments. 
Treatment *OP *TPf *TPuf 
FIa 99 ± 0.5a 90 ± 0.5abc -7 ± 4e 
FIb 87 ± 0.3f 85 ± 1.4de 10 ± 2.3cd 
FIc 88 ± 2.2ef 86 ± 4.2cde 22 ± 4.6ab 
FNIa 99 ± 0.5a 91 ± 0.3ab -4 ± 1e 
FNIb 96 ± 1.3ab 93 ± 1.5ab 24 ± 1.0a 
FNIc 96 ± 1.6bc 94 ± 0.5a 22 ± 7.2a 
UFIa 94 ± 0.6bcd 85 ± 0.6de 12 ± 1.6bc 
UFIb 94 ± 0.5bcd 93 ± 1.3ab 2.6 ± 2.0de 
UFIc 93 ± 0.7cd 91 ± 0.9ab 2.2 ± 0.6de 
UFNIa 91 ± 1.2ed 83 ± 1.5e 15 ± 4.0abc 
UFNIb 85 ± 0.8f 84 ± 1.0de 1.2 ± 0.6de 
UFNIc 85 ± 0.9f 85 ± 0.6cbd 1.0 ± 0.4de 
*Values reported in percentages (mean ± standard deviation). Subscript letters represent 
statistical significance between treatments (p-value < 0.05). 
3.3.7 Organic Biodegradation and Oxygen Demand Effects 
 
 The complex interactions between algae and bacteria in a mixed-aerated system can 
be simplified to release and uptake of O2 and CO2 and the resultant production of biomass. 
Algae respire O2, which aerobic bacteria consume in the process of removing organic 
carbon from wastewaters. Bacteria respire CO2, which algae consume in autotrophic 
assimilation of biomass. In the mixotrophic regime investigated in this work, the co-culture 
is capable of utilizing both inorganic and organic carbon sources in a combination of 
autotrophy and heterotrophy. Of course, the production of biomass creates a higher oxygen 
demand, but if the biomass were harvested from the water the resulting oxygen demand 
would be significantly reduced.  
 In the 0:100 and 100:0 treatments (wash water: evaporator water), significant 
reduction in filtered chemical oxygen demand (COD) was observed (Table 3.11). The 
0:100 treatment showed no growth of algae, but the ubiquitous bacteria present in 
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evaporator water showed potential in removing COD in aerated conditions over a retention 
time of 5-7 days. The 100:0 treatment exhibited high final unfiltered COD and low final 
filtered COD, illustrating the correlative reduction in organics with the removal of algal 
biomass from the water (Figure 3.11). The control treatments of BBM showed significant 
increases in both filtered and unfiltered COD, further exemplifying the ability of co-culture 
to reduce organic carbon in sugar mill effluents. 
Table 3.11 Removal percentages for filtered COD (CODf), and unfiltered COD (CODuf) 
of co-culture in different ratios of wash water and evaporator water. 
Treatment *CODf *CODuf 
BBM -262 ± 28a -1027 ± 143a 
0:100 70 ± 2b 26 ± 6b 
25:75 -110 ± 14cd -621 ±  137a 
50:50 -62 ± 19c -819 ± 64a 
75:25 -37 ± 14c -686 ±  62a 
100:0 29 ± 8b -231 ±  33b 
*Values reported in percentages (mean ± standard deviation). Subscript letters represent 
statistical significance between treatments (p-value < 0.05). 
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Figure 3.11 Initial and final (a) filtered and (b) unfiltered chemical oxygen demand 
concentrations (mg-COD/L) of samples with differing ratios of wash water and 
evaporator water. * Indicates filtered COD analyses. 
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Filtered, unfiltered, inoculated, and non-inoculated 100% wash water treatments 
displayed reduction in filtered COD and increases in unfiltered COD (Figure 3.12). This 
observation illustrates the correlation between storage of organic carbon in the form of 
biomass and resulting decreases in oxygen demand of filtered water. Inoculated treatments 
did not significantly differ from non-inoculated treatments in terms of filtered COD 
removal. In general, as algal biomass concentrations increased, unfiltered COD increased 
but filtered COD remained relatively constant. This suggests biomass processing effluents 
can be treated while valuable algal biomass can be harvested simultaneously.  
Table 3.12 Removal percentages for filtered COD (CODf), and unfiltered COD (CODuf) 
of filtered, unfiltered, inoculated, and non-inoculated treatments. 
Treatment 
*Initial CODf concentration 
(mg/L) 
*CODf *CODuf 
FIa 624 ± 5b 73 ± 1a -34 ± 16ab 
FIb 132 ± 4d 19 ± 2e -135 ± 44d 
FIc 135 ± 8d 18 ± 4e -121 ± 38dc 
FNIa 654 ± 9b 76 ± 1a -18 ± 9a 
FNIb 150 ± 5d 40 ± 9cd -110 ± 35dc 
FNIc 133 ± 25d 25 ± 18de -143 ± 31d 
UFIa 731 ± 35a 67 ± 1ab -20 ± 9a 
UFIb 229 ± 8c 48 ± 3bc -142 ± 9d 
UFIc 244 ± 13c 45 ± 4cd -120 ± 12dc 
UFNIa 700 ± 7a 72 ± 4a -22 ± 16a 
UFNIb 235 ± 5c 17 ± 5e -95 ± 15bdc 
UFNIc 255 ± 4c 44 ± 6cd -54 ± 9abc 
*Values reported in percentages (mean ± standard deviation). Subscript letters represent 
statistical significance between treatments (p-value < 0.05). 
Treatments using wash water collected during the milling season (experiment “a”) 
had significantly higher initial COD concentrations, but also demonstrated significantly 
higher removal efficiencies (Table 3.12) than non-milling treatments (experiments “b” 
and “c”). Initial COD concentrations of unfiltered wash water collected during the 
milling season (UFIa and UFNIa) were significantly higher (p < 0.05) than all other wash 
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water treatments. Initial COD concentrations of filtered wash water collected during the 
milling season (FIa and FNIa) were significantly lower than UFa treatments, but 
significantly higher than all other treatments consisting of post-milling wash water. 
Additionally, all treatments that investigated milling season wash water demonstrated no 
significant difference in capacity to remove COD (Table 3.12). 
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Figure 3.12 Initial and final (a) filtered and (b) unfiltered chemical oxygen demand 
concentrations (mg-COD/L) of filtered/inoculated (FI), filtered/non-inoculated (FNI), 
unfiltered/inoculated (UFI), and unfiltered/non-inoculated (UFNI) wash water during the 
milling season (a) and after the milling season ended (b and c). * Indicates filtered COD 
analyses. 
 
 Carbonaceous biological oxygen demand (CBOD5) is distinct from COD in that it 
only accounts for the demand placed on the water from organic carbon sources, neglecting 
nitrogenous oxygen demand and any other reduced ions in need of oxidation. COD takes 
into account all of these oxygen demands sources so it is inherently larger. The only 
treatments that displayed a reduction in CBOD5 were unfiltered samples using wash water 
collected during the milling season (Figure 3.13 and 3.14). Under mixed and aerated 
conditions, algae and bacteria are capable of reducing organic carbon constituents in the 
wastewater while producing valuable biomass.  
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 Two kill control samples were analyzed in addition to unfiltered samples with wash 
water collect during the milling season (Figure 3.13). The resulting data displayed a sharp 
increase in CBOD5, approximately 200 mg/L, in the kill control samples while the 
unfiltered samples exhibited significant decreases in CBOD5. Kill control samples 
consisted of viable algae and bacteria initially. After the start day of the experiment, algal 
cells lysed and released organic carbon, which was then consumed by bacteria. This 
coupled with the addition of CO2 via aeration contributed to the increase in CBOD5. The 
inoculated treatment (UFIa) showed a decrease of roughly 90 mg/L and the non-inoculated 
treatment (UFNIa) showed a decrease of approximately 120 mg/L due to respiration of 
CO2 by the bacterial population present in these samples. The difference in the final 
CBOD5 of these two treatments can be attributed to the additional algal biomass present in 
the UFIa samples. Additionally, over the duration of a 5-day CBOD test, 76-88% of viable 
algae cells stay alive and do not release organic carbon into the solution (Fitzgerald 1964). 
Low initial CBOD of kill control treatments can be attributed to this phenomenon as well.  
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Figure 3.13 Initial and final 5-day carbonaceous biological oxygen demand 
concentrations (mg/L) of kill control samples (KCi), unfiltered/inoculated (UFI), and 
unfiltered/non-inoculated (UFNI) wash water during the milling season (a). 
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 Wash water collected after the milling season had significantly lower levels of COD 
and CBOD5 than wash water collected during the milling season. The algal and bacterial 
biomass that grew in the post-milling treatments (b and c) resulted in increases in CBOD5 
(Figure 3.14). It was observed that the viability of algae grown in post-milling effluents 
was significantly lower than that of algae grown in media collected during the milling 
season. In post-milling experiments (b and c), algae began to die at the end of the 
experiment, which correlates to an increase in CBOD due to the release of organic carbon. 
However, the successful harvesting of biomass from these waters would result in lower 
oxygen demand values, as seen in filtered COD analysis, and overall improved water 
quality (Figure 3.12). 
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Figure 3.14 Initial and final 5-day carbonaceous biological oxygen demand 
concentrations (mg/L) of filtered/inoculated (FI), filtered/non-inoculated (FNI), 
unfiltered/inoculated (UFI), and unfiltered/non-inoculated (UFNI) wash water after the 
milling season ended (b and c).  
 
3.4 Conclusions 
 
 The co-culture of Chlorella vulgaris and Leptolyngbya sp. demonstrated a robust 
ability to uptake nitrogen and phosphorus while accumulating biomass rapidly. 
Additionally, organic carbon was reduced in 100% wash water treatments, especially those 
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waters collected during the milling season. Total filtered nitrogen and phosphorus were 
removed at percentages between 63-89% and 83-94%, respectively, in treatments 
consisting of at least 50% wash water. In all experiments, nitrogen was the limiting nutrient 
in algal growth but growth rates of 1.02-1.42 d-1 were achieved in treatments consisting of 
at least 50% wash water. Biomass productivities in differing ratios of wash water and 
evaporator water were significantly higher in 50, 75, and 100% wash water when compared 
to control treatments reaching 59, 72, and 95 mg/L-day, respectively. Even higher biomass 
accumulation was observed in inoculated treatments consisting of 100% wash water, 
ranging from 186-244 mg/L-day. Additionally, filtered COD was reduced by 67-76% in 
milling season wash water. 
The potential for the co-culture to be employed as a remediation strategy during the 
milling season is high, while the added benefits of valuable biomass can offset costs of 
production. The co-culture displayed high growth rates, biomass accumulation, and 
nutrient uptake in as much as 50% evaporator water, providing an opportunity for sugar 
mills to divert a portion of the evaporator water during the season. The redirection of a 
fraction of evaporator water can alleviate the amount of high BOD waters entering 
surrounding waterways and provide optimal temperatures for algal growth during the 
winter months of the sugarcane milling season.  
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4. Modeling Sugar Mill Effluents in a Series of Retention Ponds 
 
4.1 Introduction 
The goal of this model is to effectively simulate the degradation of sugar mill wash 
water over time. Surface water-quality modeling must account for the physical, chemical, 
and biological parameters that exist in a complex environmental system. Hydrological 
information such as evaporation, precipitation, and transpiration may be just as important 
in modeling an outdoor system as the plant effluent flow rate and nutrient/organic 
constituents. Modeling the wash water effluent retention pond system of a sugar mill 
adheres to the same strategy as modeling any surface water or lake. Understanding the 
nutrient and organic mass loading rates, depth of ponds and volume of water being treated, 
residence time, hydrological components, biological processes, and intended use of the 
model are all essential considerations.  
In southern Louisiana, wash water is typically held in retention ponds for several 
months before being discharged. Over time, various natural processes and microbial uptake 
transform constituents into solids, gases, and microbial biomass. Specifically, the growth 
of algae and heterotrophic bacteria in eutrophic conditions such as these drives nutrient 
cycling and organic carbon production. The major nutrients of concern in sugar mill wash 
water are nitrogen and phosphorus, with milling season concentrations reaching as high as 
80 mg/L and 40 mg/L, respectively. This system is classified as hypereutrophic with total 
phosphorus concentrations greater than 100 µg-P/L (Chapra 1997). Carbon constituents 
also play a crucial role in this system. Organic matter, measured in terms of chemical 
oxygen demand (COD), largely controls the amount of dissolved oxygen in the system. 
This relationship in turn drives the oxygen sensitive nitrification process.  
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A water quality model was developed to determine the effluent characteristics of a 
multi-feedstock biomass processing facility after being held in a series of retention ponds 
for a given time interval. The model was based on the effluent characteristics of a 
Louisiana sugar mill representative of a wide variety of plants processing sugar cane, 
energy cane, and sweet sorghum. The constituents of interest were nitrogen, phosphorus, 
and chemical oxygen demand. Additionally, heterotrophic biomass and autotrophic algae 
were included to further refine the model.  
4.1.1 Background 
 
Alma sugar mill is one of 11 sugar mills currently operating in Louisiana. During 
the three month milling season, each mill produces large volumes of wash water, which is 
used to clean raw cane stalks, and evaporator water, which is a product of the boiling 
process. Because of the high sugar content inherent to the milling process and the 
effluents generated, wash water can have COD levels above 1000 mg/L and are typically 
held in retention ponds for several months until permissible COD levels are reached. 
Evaporator water is aerated and discharged daily, but will not be included in this model.  
Alma holds wash water generated during the milling season in a series of 8 
retention ponds (see Appendix A). The 1st pond is covered in a thick layer of organic 
crust and considered an anaerobic equalization pond. Currently, Alma is encountering 
difficulty with the volume of effluents exceeding the pond volume available. This can 
lead to premature discharge of wash water into surrounding bayous and creeks when 
COD levels are harmful to the environment.  
Algae have been investigated as possible remediation agents for sugar mill 
effluents (Khan et al. 2006, Saranraj and Stella 2014, Simpson and Hemens 1973). The 
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high nitrogen, phosphorus, and organic carbon in these waters can facilitate the 
production of biomass, while algae can improve water quality simultaneously. In the 
wash water retention ponds at Alma sugar mill, algae grow naturally in the spring and 
summer months when temperatures rise. A subsequent decline in nitrogen and 
phosphorus concentrations was observed.  
4.1.2 Nitrogen, Phosphorus, and Chemical Oxygen Demand Considerations 
 
Inhibition of nitrification can be caused by high organic loading rates because the 
availability of oxygen is limited in such systems (Malone et al. 2006, Metcalf & Eddy 
2014). If nitrification does not occur via biofouling, denitrification cannot occur during 
which nitrogen is volatized and released into the air as N2 gas. When COD levels reach 
lower concentrations, oxygen is free to drive nitrification and ultimately the removal of 
nitrogen.  
Unlike nitrogen, phosphorus concentration is affected by sedimentation, release 
from sediments to the water column, mineralization into sediments, and microbial uptake. 
Vollenweider (1975) first proposed a term, σP, to describe the net removal rate of 
phosphorus in lake modeling. Lorenzen et al. (1976) later expounded upon these principles 
assigning kinetic coefficients to describe the sedimentation of phosphorus, k1, the release 
of phosphorus from sediments back into the water column, k2, and the mineralization of 
phosphorus into sediments, k3. 
Fluctuations in COD can be attributed to the growth and decay of heterotrophic and 
autotrophic biomass. The principles of carbon oxidation in biological wastewater treatment 
can be related to the activated sludge models proposed by the International Water 
Association. The growth of heterotrophic biomass leads to consumption of organic carbon 
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and therefore a reduction in COD (IWA 2000). Simultaneously, growth of heterotrophs 
leads to a COD yield. Autotrophs, specifically algae, assimilate inorganic carbon into 
biomass, which also creates a COD yield but does not directly remove COD from the 
system (IWA 2000, Metcalf & Eddy 2014). 
4.2 Model Description 
 
Descriptions and units of all model variables can be found in Table 4.2. 
Volume in each pond changes over time, as seen in Eq. (1): 
dVi
dt⁄ = Qin + Qprec − Qevap − Qtransp − Qout   (1) 
 
Flow into each pond is determined by a fixed flow rate of incoming wash water 
from the sugar mill during the three months of the milling season and rainfall. Flow out of 
each pond is the sum of evaporation, transpiration, and flow to the next retention pond. 
Evaporation rate was gathered from historical data provided by the Ben Hur Research 
Station in Baton Rouge, LA, and precipitation and transpiration data was taken from the 
Southern Regional Climate Center’s online database. It was determined that precipitation 
volume and the sum of evaporation and transpiration volumes during the time simulated 
were nearly equivalent and therefore were not included in flow considerations. For the 
purposes of this simulation, Eq. (2) equates precipitation flow to the sum of evaporation 
flow and transpiration flow (Southern Regional Climate Center): 
Qprec = Qevap + Qtransp                           (2) 
 
Under this assumption, volume is dictated by Eq. (3): 
 
dVi
dt⁄ = Qin − Qout      (3) 
 
Temperature variations are essential in providing representative kinetic growth and 
uptake coefficients. Each of the subsequent kinetic coefficients increase as temperature 
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increase and decrease as temperature decreases. The Arrhenius equation is used as a means 
to proportionately change these coefficients, as provided in Eq. (4): 
Kv
T = Kv
20℃θv
T−20
              (4) 
 The mass of total nitrogen in the pond system is controlled by mass flow in, mass 
flushing to the next pond, nitrogen removal by heterotrophic and autotrophic biomass, and 
additional net removal of nitrogen by way of algae respiration and settling. This is 
presented in Eq. (5): 
dNiVi
dt⁄ = Ri−1
N − Ri
N − Rrem
N − Rnet
AN     (5) 
As COD concentrations increase during the milling season, dissolved oxygen 
concentrations are diminished to minimal values (< 1.0 mg/L). Thus, nitrification is limited 
by high COD concentrations. The removal rate of nitrogen is analogous to the combined 
utilization of nitrogen by heterotrophic and autotrophic biomass. The nitrogen removal 
component implements a modified Monod construct and contains a built-in COD inhibition 
term, cLi
1.5, as seen in Eq. (6): 
Rrem
N =
KN
TNiVi
(K1/2
N + Ni + cLi
1.5)
⁄           (6) 
The net removal of nitrogen, Rnet
AN, due to algae settling is considered negligible because 
most of the nitrogen is released back into the water column, as represented in Eq. (7): 
Rnet
AN = KnetAiViYA
N ≅ 0            (7) 
Finally, the composite mass balance for nitrogen becomes Eq. (8): 
 
dNiVi
dt⁄ = Qi−1Ni−1 − QiNi − [
KN
TNiVi
(K1/2
N + Ni + cLi
1.5)
⁄ ]      (8) 
Similar to nitrogen, the mass flux of phosphorus in the ponds can be described as 
mass inflow minus flushing to next pond and a net phosphorus removal. For the purposes 
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of this model a linear kinetic relationship was able to accurately model the net removal of 
phosphorus (Vollenweider 1975), as seen in Eq. (9): 
dPiVi
dt⁄ = Qi−1Pi−1 − QiPi − σPPiVi         (9) 
 The mass of COD in the pond system is controlled by mass flow in, mass flushing 
to the next pond, net microbial utilization of COD, and COD yield due to algal growth (Eq. 
10): 
dLiVi
dt⁄ = Ri−1
L − Ri
L − Rrem
L + RY
AL     (10) 
The COD utilization term, Rrem
L, is a modified Monod kinetic relationship. COD removal 
is offset by particulate COD yield, which generates a net COD removal related to 
concentration of heterotrophic biomass and concentration of COD in the system, as seen 
in Eq. (11): 
Rrem
L =
KL
TXiLiVi(1 − YH)
(K1/2
L + Li)
⁄              (11) 
Additionally, the growth and decay of autotrophic biomass in the form of algae produce a 
COD yield which is represented by Eq. (12): 
RY
AL = YA
LRg
A                    (12) 
Finally, the COD mass balance equation can be written as Eq. (13): 
dLiVi
dt⁄ = Qi−1Li−1 − QiLi − [
KL
TXiLiVi(1 − YH)
(K1/2
L + Li)
⁄ ] + YA
LRg
A    (13) 
The mass flux of heterotrophic biomass is governed by mass inflow from the 
previous pond, mass outflow to next pond, bacterial growth, and bacterial death, as seen in 
Eq. (14): 
dXiVi
dt⁄ = Ri−1
X − Ri
X + Rg
X − Rd
X          (14) 
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The bacterial growth rate, Rg
X, follows Monod kinetics, as seen in Eq. (15): 
Rg
X =
KL
TXiLiVi
(K1/2
L + Li)
⁄     (15) 
The death rate of bacteria, Rd
X, is a linear relationship, defined by Eq. (16): 
Rd
X = KdXiVi        (16) 
The governing equation for mass of heterotrophic biomass in the system becomes Eq. (17): 
 
dXiVi
dt⁄ = Qi−1Xi−1 − QiXi + [
KL
TXiLiVi
(K1/2
L + Li)
⁄ ] − KdXiVi        (17)   
 
 The mass of algae in the retention ponds is determined by algal growth rate and 
removal of algae due to respiration and settling, as seen in Eq. (18): 
dAiVi
dt⁄ = Rg
A − (Kset + Kresp)AiVi          (18) 
The growth of algae is controlled by a compound Monod kinetic construct that includes a 
COD inhibition term and nitrogen saturation term. When COD values are high, algal 
growth is inhibited. Inversely, available nitrogen promotes the growth of autotrophs. The 
combination of these two mechanisms can accurately simulate the rate at which autotrophic 
algae grow. Additionally, a half-saturation constant is included in the algal Monod 
relationship to account for diminished growth when algae concentrations are high due to 
impeded light penetration (Béchet et al. 2013). The growth rate of algae is defined by Eq. 
(19): 
Rg
A = (
KA
TAiVi
K1/2
A + Ai
⁄ )(
KA
T + Li
Li
⁄ )(
Ni
KN + Ni
⁄ )          (19) 
Algal mass inflow and outflow are neglected because algal growth only occurs after the 
season at which point Q = 0. The net removal rate of algae from the system is the sum of 
respiration and settling. When light is not present, endogenous respiration occurs during 
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which organic matter formed during photosynthesis is oxidized to carbon dioxide resulting 
in a loss of algal biomass.  As algae grow in size, they settle to the bottom of ponds when 
adequate mixing is not available. However, mixing can occur during wind events and algae 
can be resuspended, therefore the combination of these mechanisms determines a net 
settling rate. Using a construct proposed by Vollenweider (1975), the rate of settling can 
be calculated by the ratio of net settling velocity to average pond depth, as seen in Eq. (20):  
       Kset =⁡
Vset
z⁄                 (20) 
Thus, mass of algae can be summarized in Eq. (21): 
dAiVi
dt⁄ = (
KA
TAiVi
K1/2
A + Ai
⁄ )(
KA
T + Li
Li
⁄ )(
Ni
KN + Ni
⁄ ) − (Kset + Kresp)AiVi   (21) 
4.3 Model Calibration 
 
Data collected during sampling events at Alma sugar mill formed the basis for input 
values. Initial nutrient and organic loads were determined from data taken during the 2013 
and 2014 milling seasons at Alma sugar mill from the inflow to pond 2. Pond areas were 
determined with area calculation tools provided by Google Earth. Pond volumes were 
determined from observed heights during this time. An average pond depth of 3 m is 
assumed for all ponds, and flow rates were based on these observed heights and related 
volumes.   
Retention ponds were grouped together based on water quality, nutrient similarities, 
and flow structure at Alma sugar mill (see Appendix A). Pond 1 was assumed to be an 
anaerobic equalization pond because it is covered by a thick crust for much of the simulated 
time frame, therefore no oxygen can enter the pond and relatively minimal organic 
consumption or nutrient transformation can occur. The flow structure of the model was 
based on the flow structure of Alma sugar mill (Figure 4.1). 
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Figure 4.1 Flow structure of Alma sugar mill and water quality model. Wash water travels from an anaerobic equalization pond to two 
facultative ponds (A and B) and flow is then split and directed to two outlying ponds (C and D). When ponds C and D are full, a 
discharge flow is triggered in the model flow structure. 
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The simulation was executed in STELLA® modeling software using a time step of 
0.25 days and Runge-Kutta 2 integration method. A 300-day period was simulated in 
order to accurately assess the post-milling biological processes including algal growth. 
Constants used in the model are summarized in Table 4.1.  
Table 4.1 Values for coefficients and constants used in modeling Alma sugar mill. With 
the exception of milling season algal growth rate and algal half-saturation constant, all 
model values are within the range of values cited in literature. 
Variable Name Value Range References 
KN Nitrogen utilization rate 2 0.4-2.0 Metcalf & Eddy 2014 
𝐊𝟏/𝟐
𝐍  
Half-saturation 
constant, nitrogen 
3 0.2-3.0 
Grady et al. 2011, 
Metcalf & Eddy 2014 
c 
Dimensional 
consistency constant 
0.1 0-1.0 Malone et al. 2006 
𝐘𝐀
𝐍 
Nitrogen removal due 
to algal settling 
0.06 0.06-0.3 Metcalf & Eddy 2014 
𝛔𝐏 
Phosphorus removal 
coefficient 
0.017 0.003-0.35 
Burden et al. 1987, 
Vollenweider 1975 
*KL 
Maximum growth rate, 
COD  
0.17, 
0.26 
0.05-0.3 
Grady et al. 2011, 
Metcalf & Eddy 2014, 
Meneses et al. 2005, 
Ning 1996 
𝐊𝟏/𝟐
𝐋  
Half-saturation 
constant, COD 
500  Model calibration 
Kd Death rate  0.06 0.06-0.15 Metcalf & Eddy 2014 
YH 
COD synthesis yield, 
heterotrophs 
0.6 0.6-0.67 
Grady et al. 2011, 
Metcalf & Eddy 2014, 
IWA 2000 
*KA Algal growth rate 0.03, 2 1.3-2.5 LA-QUAL 2014 
𝐘𝐀
𝐋 
COD synthesis yield, 
algae  
0.35 0.15-0.4 
Grady et al. 2011, LA-
QUAL 2014, IWA 2000 
𝐊𝟏/𝟐
𝐀  
Half-saturation 
constant, algae 
30  Model calibration 
Kresp Respiration rate, algae 0.05 0.05-0.15 LA-QUAL 2014 
Vset Settling velocity, algae 0.01 0-1.0 LA-QUAL 2014 
Kset Net settling rate, algae 0.003 0-1.0 LA-QUAL 2014 
𝛉𝐯 Temperature factor 1.035 1.02-1.08 
Chapra 1997, LA-
QUAL 2014 
𝛉𝐀 
Temperature factor, 
algae 
1.066 1.02-1.08 
Chapra 1997, LA-
QUAL 2014 
*Variable value listed as milling season value, post-milling season value 
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Due to the length of the simulation, the kinetic coefficients for COD utilization and 
algal growth, KL
T and KA
T, were designated separate milling and non-milling values. Both 
the removal of COD and growth of algae were observed to be severely limited during the 
milling season at Alma Plantation due to periodic inflow of ash slurry resulting from the 
cleaning of milling equipment. The half-saturation constant for COD, K1/2
L, was inflated 
to account for the high levels of sugar and acetate present in the wash water in addition to 
heterotrophic biomass. A half-saturation term for algae has been introduced to account for 
light attenuation that occurs when algal density is high.  
Observed values from Alma field samples were compared to model simulation 
output for concentrations of total nitrogen, total phosphorus, and COD (Figures 4.2, 4.3 
and 4.4). The model effectively simulates the natural and microbial processes that control 
changing levels of these constituents. Variation between the model and observed values 
can be explained by the high variability of field conditions. These conditions include inflow 
fluctuations from the mill, variations in actual pond volume and simulated volume, dilution 
of observed nutrient concentrations due to heavy rainfall events, etc.  
Total nitrogen concentrations gradually increase during the milling season and 
reach a peak value near day 90, when milling was simulated to end (Figure 4.2). The lack 
of incoming nitrogen, reduction in COD, and growth of heterotrophic biomass after milling 
ends begin to reduce nitrogen in the water through the processes of assimilation, settling, 
nitrification and denitrification. The growth of autotrophic biomass begins near day 150 
when temperatures are suitable for algal growth. Algae assimilate nitrogen and add to the 
continued reduction of total nitrogen in the pond system via settling. 
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Figure 4.2 Observed total nitrogen concentrations versus model output. 
When discharge is renewed at the start of milling, total phosphorus (TP) 
concentrations heavily depend on the mass loading controlled by outflow of the anaerobic 
equalization pond. As water from this anaerobic pond, high in soluble phosphorus content, 
is pushed into pond 2, a sharp increase in TP is observed at the start of milling. Accurately 
modeling these loading rates and applying an accurate linear phosphorus removal 
coefficient, σp, allow the total phosphorus concentrations in the retention ponds to be 
simulated efficiently (Figure 4.3). TP decreases during the milling season and experiences 
a slight increase near day 90 before gradually declining again after the milling season. This 
peak is caused by an increase in mass inflow of phosphorus observed at Alma Plantation 
at the end of the milling season. Additionally, lower temperatures slow the rate of 
phosphorus removal. 
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Figure 4.3 Observed total phosphorus concentrations versus model output. 
 The chemical oxygen demand of wash water in this particular retention pond 
system is controlled by inflow of organic carbon and nitrogen. The high levels of sugars, 
acetate, and ammonium-nitrogen found in milling effluents causes COD to increase 
throughout the season and peak at day 90 when milling stops (Figure 4.4). The reduced 
form of nitrogen, ammonium, places an oxygen demand on the water during the process of 
nitrification when it is oxidized to nitrite and nitrate. Additionally, organic carbon places 
an oxygen demand on wash water in the process of oxidation to carbon dioxide. After 
milling has ended, these organic constituents are left to degrade over time. Heterotrophic 
biomass can utilize organic carbon for the assimilation of their own biomass, which 
corresponds to the drastic decrease in COD from day 90 to day 180. After this point 
autotrophic biomass, particularly algae, begin to grow as temperatures increase. Algae, 
chemically represented as C106H263O110N16P, place an additional oxygen demand on the 
system due to the release of organic carbon from their biomass in the process of respiration. 
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This additional COD is present in the model from day 180 to day 300 and intended to 
reflect the growth of algae during spring and summer months following the milling season. 
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Figure 4.4 Observed COD concentrations versus model output. 
 
4.4 Application and Discussion 
 
The model that has been developed can be used to simulate retention pond wash 
water treatment for biomass processing facilities. The most prevalent benefactors of this 
model are Louisiana sugar mills because their effluents and water treatment strategies are 
similar to that of this model. Nutrient characteristics, flow rates, pond volumes, and 
discharge strategy will vary from mill to mill but these are adjustments that can be made 
to the model to accurately reflect the specific process. Additionally, the pending 
development of multi-feedstock mills that process sugar cane, energy cane, and sweet 
sorghum can benefit from a model that can predict and manage the wash water effluents 
generated. 
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The future incorporation of algae in water treatment and biomass production at 
biomass processing facilities can be a supplemental addition to this model. Using effluents 
generated during the milling season to cultivate algae can reduce nutrients and generate 
biomass before natural algal blooms occur in spring and summer months. In order for algae 
to grow in outdoor conditions during winter months, wash water will need to be mixed 
with evaporator water, which has a temperature of roughly 39 ͦ C, to raise the temperature 
of the water mixture. Modeling the volume of evaporator water needed, volume of algal 
growth ponds, biomass produced, and nutrient consumption are important considerations. 
4.5  Conclusion 
 
Sugar mills generate substantial volumes of low quality wastewater used to wash 
raw cane and milling equipment during the milling season. During the milling season COD, 
total nitrogen, and total phosphorus of these effluents can reach levels of 1200 mg/L, 100 
mg-N/L, and 50 mg-P/L, respectively. In Louisiana, wash water is typically held in 
retention ponds for long periods of time in order for COD levels to reach permissible 
discharge limits. The natural and microbial reduction of COD, as well as nitrogen and 
phosphorus, have been modeled in this work. The 300 day simulation modeled the accurate 
reduction of COD, nitrogen, and phosphorus to final concentrations of approximately 150 
mg/L, 15 mg-N/L, and 5 mg-P/L, respectively, which were similar to observed values. 
Additionally, these water quality modeling strategies can be applied to the effluents 
generated by multi-feedstock biomass processing facilities. The foundation for 
heterotrophic and autotrophic biomass growth, nutrient consumption, and organic carbon 
transformation has been established for the retention ponds of such facilities. 
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Table 4.2 Model variables, descriptions, and units for biomass processing facility. 
Variable Description Unit 
θv Temperature factor for N, P, L, and X d d
-1 
θA Temperature factor for A d d
-1 
σP Net phosphorus removal coefficient d
-1 
Ai Concentration of algae in pondi g m-3 
c Nitrogen dimensional consistency constant m1.5 g-0.5 
KA Maximum algal biomass accumulation rate g m-3 d-1 
K1/2
A  Half-saturation constant for algae light limitation g m-3 
Kd Death rate of heterotrophic biomass d-1 
KL Maximum growth rate for COD utilization d-1 
K1/2
L  Half-saturation constant for COD g m-3 
KN Maximum net nitrogen utilization g-N m-3 d-1 
K1/2
N  Half-saturation constant for nitrogen g m-3 
Kresp Respiration rate of algae d-1 
Kset Net settling rate of algae (Vset/z) d-1 
Kv
T Rate coefficient of parameter, v, at temperature, T d-1 or g m-3 d-1 
Kv
20℃  Rate coefficient of parameter, v, at 20 ͦ C d
-1 or g m-3 d-1 
Li COD concentration in pondi g m-3 
Ni Total nitrogen concentration in pondi g m-3 
Noi Total nitrogen concentration from pondi-1 g m-3 
Pi Total phosphorus concentration in pondi g m-3 
pondi i = A, B, C, or D  
pondi-1 i-1 = pond directly before pondi   
Qevap Volumetric evaporation rate m3 d-1 
Qi Volumetric flow out of pondi m3 d-1 
Qin Volumetric flow rate into pond  m3 d-1 
Qoi Volumetric flow into pondi m3 d-1 
Qout Volumetric flow to next pond m3 d-1 
Qprec Volumetric precipitation rate m3 d-1 
Qtransp Volumetric transpiration rate m3 d-1 
Rd
X Mass death rate of heterotrophic biomass g d-1 
Rg
A Mass growth rate of algae g d-1 
Rg
X Mass growth rate of heterotrophic biomass g d-1 
Ri
v Mass outflow rate of parameter, v g d-1 
Ri−1
v  Mass inflow rate of parameter, v, in pondi-1 g d-1 
Rnet
AN  
Net mass removal rate of nitrogen due to algae 
settling 
g d-1 
Rrem
L  Mass removal rate of COD g d-1 
Rrem
N  Mass removal rate of nitrogen g d-1 
RY
AL Mass of COD yield rate of algae g COD d-1 
SAi Surface area of pondi m2 
t Time d 
T Temperature ͦ C 
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(Table 4.2 continued) 
Variable Description Unit 
Vi Volume in pondi m3 
Vset Settling velocity of algae m d-1 
Xi Concentration of heterotrophic biomass in pondi g m-3 
YA
L COD algae synthesis yield coefficient 
g COD formed 
(g algae formed)-1 
YA
N Nitrogen loss yield from net algae loss d d-1 
YH COD synthesis yield coefficient 
g COD formed 
(g COD removed)-1 
z Average pond depth m 
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5. Global Discussion 
 
Sugar mill effluents can be categorized into two classifications, wash water and 
evaporator water; each of which has distinctive properties. In general, evaporator water 
ranks higher than wash water in terms of overall water quality. Evaporator water is 
discharged daily into surrounding water bodies, while wash water is held in retention ponds 
for several months before released. Nitrogen, phosphorus and COD levels in evaporator 
water are minimal when compared to that of wash water. Although each class of effluent 
has unique qualities, the potential to use a combination of the two for algal cultivation and 
simultaneous water treatment has been established in this work. Evaporator water has a 
discharge temperature of approximately 39 °C during the milling season. If algae were to 
be cultivated in outdoor pond systems during the winter months of the sugarcane milling 
season, a certain portion of evaporator water could be mixed with wash water to achieve 
an optimal temperature for algal growth. This would also decrease the excessive volumes 
of evaporator water discharged daily, reducing the overall environmental impact.  
A native Louisiana co-culture of Chlorella vulgaris and Leptolyngbya sp. 
demonstrated remarkable growth rates and biomass yields in various ratios of wash water 
and evaporator water collected after the milling season. Further, biomass productivities 
were observed to be nearly two-fold when wash water collected during milling was used 
as culture media. The co-culture demonstrated the ability to uptake nitrogen and 
phosphorus with significant efficiency, while symbiotically removing organic carbon from 
the system with the supplement of ubiquitous bacteria. These relationships were applied to 
a water model using STELLA® modeling software in order to simulate the physical, 
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chemical, and biological processes that occur in the wash water retention ponds of a sugar 
mill. 
The model that has been developed can be used as a tool to optimize the cultivation 
of algae and treatment of effluent waters similar to that of a sugar mill. The pending 
development of multi-feedstock biomass processing facilities will give rise to a larger 
volume of nutrient-rich effluents similar to that of a sugar mill, providing a low to no cost 
source of nutrients for algal production. Such facilities will likely operate for several 
months out of the year. The theoretical yield of the co-culture grown in different ratios of 
biomass processing facility wash water and evaporator water was calculated based on a 
300-operating season and 50 cm deep cultivation ponds. Ratios of wash water and 
evaporator water at 100:0, 75:25, and 50:50 can potentially generate 308, 232, and 190 ton-
dry biomass/ha yr, respectively. These yields can vary with changes in temperature, 
nutrient load, and light availability, but the benefit of utilizing biomass processing effluents 
for the cultivation of algal biomass is clearly evident. Algal and bacterial biomass have 
potential applications in biofuels and a variety of commercial bioproducts, and have also 
demonstrated the ability to improve water quality. These biomass yields and correlating 
water treatment effects can be incorporated into this model and can provide insight into the 
potential of an industrial-scale operation. 
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6. Global Conclusions and Recommendations 
 
6.1 Global Conclusions 
 
Microalgae have a variety of applications in municipal, industrial, and agricultural 
markets. Wastewaters from a number of processes have been proven to sustain the growth 
of a wide array of algal species, and in turn, algae have demonstrated remarkable ability to 
assimilate nitrogen and phosphorus into valuable biomass. In this work, a co-culture of 
microalgae and cyanobacteria grown in the effluents of a Louisiana sugar mill (Chlorella 
vulgaris/Leptolyngbya sp.) has demonstrated high growth rates, substantial biomass 
productivity, and nutrient uptake capability of nitrogen, phosphorus, and organic carbon. 
The wash water effluents of Alma sugar mill in Lakeland, LA were characterized 
as high in ammonium-nitrogen, reactive phosphorus, and chemical oxygen demand. Low 
dissolved oxygen and high conductivity of wash water during the milling season created 
poor overall water quality conditions. There is significant potential for algae to be used as 
a remediation agent and added-value item during and after the milling season. The high 
levels of organic carbon present in wash water create ideal mixotrophic conditions for the 
co-culture to be grown quickly. Harvesting the biomass from the wastewater would 
improve water quality at a much faster rate and yield valuable biomass that can be used for 
a variety of commercial products. 
6.2 Global Recommendations 
 
To better understand the wastewater treatment systems of all Louisiana sugar mills, 
it is recommended that an extensive sampling plan be developed in order to highlight 
variations in water quality and nutrient characteristics between all mills. Most Louisiana 
mills have some combination of settling ponds and retention ponds for the treatment and 
 82 
 
disposal of wash water. Research into dissolved oxygen variance with depth is encouraged 
because of the complex aerobic and anaerobic environments prevalent in the ponds of Alma 
sugar mill. Soil characteristics, infiltration rates, and discharge strategies of these ponds 
are just a few areas of interest that have yet to be examined in depth. Additionally, 
particular interest has been generated as to the possibility of inhibited algal growth during 
the milling season caused by high organic loads, lack of essential micronutrients, or 
indeterminate effects of ash slurry.  
In a much broader sense, the results of this work can be applied to water treatment 
design for multi-feedstock biomass processing facilities. It is expected that the wash water 
effluents and evaporator water effluents of such a facility would be similar to those of Alma 
sugar mill in a physical and chemical sense. Investigating the space requirements, land 
availability, biomass yield, and nutrient effects of outdoor algal ponds that utilize these 
effluents could provide such facilities with an environmentally and economically 
sustainable option for water treatment compared to traditional designs.  
Further investigation into the lipid yield of the co-culture and a mixed culture in 
sugar mill effluents will provide feasibility status to facilities such as Alma sugar mill that 
are interested in employing a dual purpose strategy as previously discussed. In an outdoor 
pond system, it is unlikely for of a mono-culture of Chlorella vulgaris and Leptolyngbya 
sp. to thrive. Therefore, a mixed culture scenario, much like the unfiltered wash water 
experiments that were conducted in this research, are advised in order to determine a 
realistic overall energy output. Deeper insight into the nutrient uptake and carbon fixation 
properties of algae and bacteria can provide information on how these groups interact in a 
hypereutrophic environment such as this. Additionally, an outdoor experiment is suggested 
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to determine how the effects of natural processes and limited light availability may affect 
the growth rate and biomass productivity of algae. 
The wash water pond system of a biomass processing facility has been modeled, 
but the evaporator water treatment system is still in need of an applicable model. 
Evaporator water is discharged at greater volumes than wash water and on a daily basis. 
Although sugar mills have developed methods, such as aeration and raceways, to treat this 
water before discharge, the process is not well understood. For a multi-feedstock biomass 
processing facility to become a reality, a deeper understanding of evaporator water 
treatment is a necessity.  
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Appendix A: Alma Plantation Sugar Mill Site Map and Field Pictures 
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Ponds 3 (right) and 6 (left) 
during milling season. 
Evaporator water aeration pond 
during milling season. 
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Pond 6 developed a red color 
during March after the milling 
season in what is believed to be 
bacterial growth. The pond was 
taken over by algae shortly after 
and turned green in color. 
Ponds 4 and 5 developed a 
green color when algae began to 
grow during the spring months 
following the milling season. 
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Appendix B: Water Quality and Nutrient Data from Alma Plantation Sugar Mill 
 
Field Sampling 10/30/13 (78 °F) 
Pond pH 
Temperature   
(° C) 
DO 
(mg/L) 
ORP 
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.01 24.1 1.73 -114 127 2750 
30 34 60 N      
91 23 25 W 
3 7.22 22.7 1.28 -56 186 2280 
30 34 60 N      
91 23 25 W 
4 inflow 7.31 22.6 N/A -30 212 2460 
30 34 53 N      
91 23 24 W 
Evap 6.95 44.3 6.58 -34 195 945 
30 35 38 N      
91 23 24 W 
 
Field Sampling 11/22/13 (72 °F) 
Pond pH 
Temperature  
(° C) 
DO  
(mg/L) 
ORP  
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.25 22.5 1.35 -70 
172.
5 
2930 
30 34 60 N      
91 23 25 W 
3 7.62 20.2 1.01 70 314 2570 
30 34 60 N      
91 23 25 W 
4 8.05 19.5 1.13 120 364 2260 
30 34 51 N      
91 23 30 W 
Evap 6.71 40.5 3.04 -87 145 895 
30 35 38 N      
91 23 24 W 
 
Field Sampling 12/18/13 (34° - 58° F) 
Pond pH 
Temperature 
 (° C) 
DO  
(mg/L) 
ORP  
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.3 14.9 2.55 -70 177.5 2000 
30 34 60 N      
91 23 25 W 
3 7.92 12.2 1.78 -17 232 1952 
30 34 60 N      
91 23 25 W 
4 8.31 12.1 1.21 120 369 1758 
30 34 55 N      
91 23 28 W 
5 8.36 11.6 1.23 88 338 1656 
30 34 58 N      
91 23 13 W 
6 7.91 11.7 1.51 8 258 2010 
30 35 0 N        
91 23 25 W 
Evap 6.63 31.6 3.14 -70 168 798 
30 35 38 N      
91 23 24 W 
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Field Sampling 01/22/14 (34° - 51° F) 
Pond pH 
Temperature 
(° C) 
DO 
(mg/L) 
ORP 
(mV) 
 EH 
Conductivity  
(μS/cm) 
Collection 
Site  
2 7.96 10.4 1.24 153 404  1843  
30 34 60 N      
91 23 26 W 
3 8.15 11.2 0.74 144  395 1826  
30 34 60 N      
91 23 26 W 
4 8.24 11.3 5.8 144  395 1738  
30 34 52 N      
91 23 28 W 
5 8.25 12.8 5.7 135  384 1795  
30 34 52 N      
91 23 28 W 
6 7.65 10.5 0.62 -6  245 1817  
30 34 60 N        
91 23 29 W 
7 7.82 10.9 0.59 68  319 1856  
30 35 7 N        
91 23 29 W 
8 7.87 11.2 0.58 163  413 1922  
30 35 39 N        
91 23 23 W 
Evap 7.4 12 3.46 126  376 400  
30 35 39 N      
91 23 23 W 
 
Field Sampling 02/28/14 (39° - 62° F) 
Pond pH 
Temperature  
(° C) 
DO  
(mg/L) 
ORP  
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 8.02 16 3.08 -63 184.5 1592  
30 34 60 N      
91 23 25 W 
3 8.23 16.8 2.86 29 277 1809  
30 34 60 N      
91 23 25 W 
4 8.52 17.1 7.49 130 378 1712  
30 34 52 N      
91 23 28 W 
5 8.46 18.7 8.48 124 369 1816  
30 34 52 N      
91 23 28 W 
6 8.15 17.5 2.28 125 370.8 1835  
30 34 54 N        
91 23 28 W 
7 8.16 17.7 2.41 120 366 1827  
30 35 24 N        
91 23 30 W 
8 7.97 17.9 4.95 108 353.5 1713  
30 35 25 N        
91 23 31 W 
Evap 7.59 18.7 6.74 98 342.5 319  
30 35 37 N      
91 23 25 W 
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Field Sampling 03/26/14 (39° - 55° F) 
Pond pH 
Temperature  
(° C) 
DO  
(mg/L) 
ORP  
(mV) 
EH  
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.79 18.6 2.23 153 397.5 1756 
30 34 60 N      
91 23 25 W 
3 8.04 18.7 2.02 148 392.5 1860 
30 34 60 N      
91 23 25 W 
4 8.5 17.4 12.18 78 323.8 1734 
30 34 52 N      
91 23 28 W 
5 8.34 18.2 9.18 100 344.5 1768 
30 34 52 N      
91 23 28 W 
6 8.16 18.3 1.54 147 391.5 1713 
30 34 42 N        
91 23 14 W 
7 8.03 18.8 1.51 145 390 1799 
30 34 47 N        
91 23 14 W 
8 8.05 18.1 5.73 153  398 1790 
30 35 24 N        
91 23 43 W 
Evap 7.41 19.4 3.86 143  387 301 
30 35 37 N      
91 23 25 W 
 
Field Sampling 04/28/14 (79° F) 
Pond pH 
Temperature 
(° C) 
DO  
(mg/L) 
ORP 
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.73 25.4 2.76 72 313 2480 
30 34 60 N      
91 23 25 W 
3 8.09 24.3 4.05 148 389 1860 
30 34 60 N      
91 23 25 W 
4 8.34 25.6 6.86 130 371 1919 
30 34 52 N      
91 23 28 W 
5 8.45 25.7 9.09 142 383 907 
30 34 52 N      
91 23 28 W 
6 7.83 25.8 1.74 158 399 2090 
30 34 38 N        
91 23 6 W 
7 7.8 25.9 1.52 168 409 2210 
30 35 21 N        
91 23 30 W 
8 7.8 24.8 4.23 175 416 2440 
30 35 21 N        
91 23 31 W 
Evap 8.18 25.1 8.56 148 389 319 
30 35 37 N      
91 23 25 W 
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Field Sampling 05/31/14 (75° - 82° F) 
Pond pH 
Temperature 
(° C) 
DO 
(mg/L) 
ORP 
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.79 27.7 2.12 -46 192 2030 
30 34 60 N      
91 23 25 W 
3 8.78 31.5 10.8 -105 132.8 1761 
30 34 60 N      
91 23 25 W 
4 9.24 29.8 15.65 -131 106.8 1723 
30 34 52 N      
91 23 28 W 
5 9.28 30.2 14.95 -135 103.1 1710 
30 34 52 N      
91 23 28 W 
6 8.91 30.5 15.35 -113 125.1 1768 
30 34 59 N        
91 23 28 W 
7 8.31 29.1 5.01 -77 161.3 1995 
30 35 21 N        
91 23 30 W 
8 8.21 30.9 11.7 -71 167 1701 
30 35 23 N        
91 23 30 W 
Evap 7.36 29.4 3.53 -21 217.2 296 
30 35 37 N      
91 23 19 W 
 
Field Sampling 06/30/14 (81° - 86° F) 
Pond pH 
Temperature  
(° C) 
DO  
(mg/L) 
ORP  
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.89 31.5 4.89 -58 180.4 1925 
30 34 60 N      
91 23 25 W 
3 9.03 31 10.53 -125 122.8 1690 
30 34 60 N      
91 23 25 W 
4 9.28 31.9 13.32 -141 97.3 1680 
30 34 52 N      
91 23 28 W 
5 9.32 31.7 18.12 -143 94.9 1720 
30 34 52 N      
91 23 28 W 
6 8.9 31.6 13.38 -118 120.2 1734 
30 35 1 N        
91 23 29 W 
7 8.66 33.1 15.13 -104 133.7 1919 
30 35 22 N        
91 23 32 W 
8 8.7 33.3 24.07 -107 131.4 1768 
30 35 22 N        
91 23 32 W 
Evap 7.54 32.2 1.31 -37 201 431 
30 35 37 N      
91 23 19 W 
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Field Sampling 07/22/14 (75° - 87° F) 
Pond pH 
Temperature  
(° C) 
DO  
(mg/L) 
ORP  
(mV) 
EH 
Conductivity 
(μS/cm) 
Collection 
Site  
2 7.5 28.8 4.64 -35 203.5 2170 
30 34 60 N      
91 23 25 W 
3 8.89 29.1 3.01 -117 121.4 1915 
30 34 60 N      
91 23 25 W 
4 9.04 29.7 6.12 -125 112.8 2040 
30 34 54 N      
91 23 28 W 
5 9.01 31.2 3.02 -124 114 2040 
30 34 52 N      
91 23 30 W 
6 8.73 30.2 7.54 -107 130.7 2040 
30 35 1 N        
91 23 29 W 
7 8.02 30.4 0.52 -66 172.5 2330 
30 35 22 N        
91 23 32 W 
Evap 7.68 31.3 2.96 -45 192.6 326 
30 35 37 N      
91 23 19 W 
 
 
ORP to EH Conversion Table (Reference: Thermo Orion Manual for Model #9678BN) 
 
EH = ORPmeasured + EC 
Temp (°C) EC 
10 251 
15 247.5 
20 244 
25 241 
30 238 
35 235 
40 232 
45 229 
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Inorganic and Organic Nutrient Data from the Wetland Biogeochemistry Analytical 
Service Laboratory, LSU Department of Oceanography 
 
All nutrients reported in concentration units of μM. 
 
10/31/13 Sampling Event 
Sample ID NO2  NO3  NH4  PO4  TN  TP 
ICV-QC 3.923 32.969 6.732 0.779 19.054 9.521 
EEO-103013 0.028 0.772 95.85 1.187 102.95 11.16 
PW2-103013 0.051 0.378 1529.9 1345.17 1882 1754 
PW2A-103013 0.055 0.372 1631.2 1370.32 1605.5 1700 
PW3-103013 0.068 0.23 1080 1416.38 994.5 1363 
PW3A-103013 0.065 0.36 1111 1280.62 1110 1324.5 
OPW4-103013 0.178 0.708 1004.9 1321.74 943.5 1286.5 
OPW4A-103013 0.043 0.6 1012.6 1278.83 865 1285.5 
EEO-1-103313 0.033 1.078 84.45 1.874 116.07 14.62 
EEO-2-103313 0.03 1.077 76.25 1.326 72.17 10.73 
ICV-QC 3.858 30.78 6.71 0.735 19.28 9.74 
 
11/22/13 Sampling Event 
Sample ID NO2 NO3 NH4  PO4 TN TP 
ICV-QC 4.242 31.345 0.317 0.01 18.38 1.428 
QCS 3.989 -0.076 0.016 0.045 19.054 9.521 
PW2-112213 0.064 0.071 4201.5 828.38 4416 928 
PW2A-112213 0.059 0.056 4222 839.23 4644 923.5 
PW3-112213 0.051 0.04 2911.5 502.39 3216.5 762.5 
PW3A-112213 0.045 0.09 2908 519.82 3274.5 725 
PW4-112213 0.105 -0.033 1174.25 217.77 1698 529.5 
PW4A-112213 0.06 0.063 1187.48 219.94 1804 531.5 
EEO-112213 0.045 0.237 102.48 3.85 85.92 10.93 
EEO-1-112213 0.049 0.093 65.38 1.68 72.67 9.78 
EEO-2-112213 0.028 0.147 65.52 1.19 58.36 12.63 
ASPW4-112213 0.059 0.093 973.91 247.59 1582.5 467.5 
ASEEO-112213 0.067 0.285 100.73 2.66 75.18 2.29 
ICV-QC 4.392 31.303 6.904 0.776 8.695 1.023 
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12/18/13 Sampling Event 
Sample ID NO2 NO3  NH4  PO4  TN  TP  
QC 10.363 10.045 9.871 10.503 20.474 10.356 
ICV QC 4.093 35.571 6.94 0.757 19.167 1.427 
PW2 121313 0.098 0 4363.2 998 5165 922.5 
PW2A 121313 0.046 0 4528.4 1000.8 5487.5 981.5 
PW3 121313 0.034 0 1777.2 590.6 3504.5 599.5 
PW3A 121313 0.051 0 3379.4 581.6 3600 585 
PW4 121313 0.057 0 1172.2 286 1907.5 377 
PW4A 121313 0.053 0 1168.6 285.2 1929.5 366.5 
PW5 121313 0.068 0.283 389 264 1556.5 339.5 
PW5A 121313 0.058 0.072 698.8 259.6 1681.5 321.5 
PW6 121313 0.035 0 4833.2 826.2 5274 852.5 
PW6A 121313 0.04 0 4708.8 808 5409 796.5 
EEO 121313 0.029 0.326 88.99 1.506 83.36 9.9 
EEO1 121313 0.054 0.129 50.73 1.417 65.35 9.23 
EEO2 121313 0.065 0.069 45.38 1.556 51.07 7.08 
ASEEO 121313 0.026 0.396 78.553 1.623 85.17 9.57 
ASPW4 121313 0.05 0 1170.8 282.8 2004.5 400.5 
ICV QC 4.088 35.701 6.941 0.722 18.995 1.426 
QC 9.962 10.214 10.02 10.444 21.099 10.339 
 
1/22/14 Sampling Event 
Sample ID NO2  NO3 NH4 PO4  TN TP 
QC 10.27 10.97 10.54 10.635 20.474 10.356 
ICV QC 3.653 32.42 5.869 0.684 19.167 1.427 
PW2 12214 0.122 0 4105 802.75 5135 1097 
PW2A 12214 0.095 0.011 4191 899.5 5268.5 1128 
PW3 12214 0.104 0.103 3920 499.75 4714 773.5 
PW3A 12214 0.138 0.146 4105 567 4540.5 790 
PW4 12214 0.115 0.833 1957 144.5 2664 369.5 
PW4A 12214 0.12 0.107 1957 140.75 2426 320 
PW5 12214 0.11 0.014 1784 145 2598 340.5 
PW5A 12214 0.183 0 1677 147.75 2309 337.5 
PW6 12214 0.168 0 4083 824.75 4424 830.5 
PW6A 12214 0.141 0 4168 814 4889 893 
PW7 12214 0.178 0.058 3979 765 4176.5 826.5 
PW7A 12214 0.042 0 4138 733.75 4975 864 
PW8 12214 0.105 0.172 4349 639.5 4413 811.5 
PW8A 12214 0.138 0.066 4255 622.5 4697 866.5 
ASPW4 12214 0.236 0.368 1872 143 2712.5 379.5 
EEO 12214 0.135 0.359 13.32 1.992 74.11 9.54 
ASEE0 12214 0.148 0.206 13.41 2.185 69.06 9.32 
ICV-QC 3.654 31.319 6.063 0.679 19.632 1.471 
QC 10.27 10.84 10.77 10.68 20.575 10.303 
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2/28/14 Sampling Event 
Sample ID NO2 NO3 NH4 PO4  TN TP 
QC 10.697 10.877 9.862 10.097 18.9 10.3 
ICV QC 3.748 29.594 5.775 0.691 17.5 1.4 
PW2 022814 0.053 0.225 3391.25 556.75 2101 563 
PW2A 022814 0.067 0.013 2214 393 1964 614 
PW3 022814 0.43 0.02 4163.75 69.75 3725 388 
PW3A 022814 0.604 0.207 7335.25 139.25 3763 390 
PW4 022814 7.231 1.961 1747.75 157.75 1988 227 
PW4A 022814 7.299 2.694 3298 273.5 1940 227 
PW5 022814 1.236 0.761 1705.25 181.75 1828 236 
PW5A 022814 1.437 1.359 1641.75 180.75 1785 239 
PW6 022814 0.102 0 2972.75 215.75 3945 542 
PW6A 022814 0.106 0.294 4365 352.25 4038 580 
PW7 022814 0.106 0 3127 267.25 4135 532 
PW7A 022814 0.146 0.319 N/A 449.25 4026 498 
PW8 022814 0.497 0.489 3085.25 235.75 3238 370 
PW8A 022814 0.472 0.886 3890.5 288.25 3355 371 
ASPW4 022814 6.87 1.977 1601.25 165 1841 239 
EE0 022814 1.462 11.098 24.69 5.45 87.67 9.915 
ASEEO 022814 1.487 11.537 63.77 12.83 82.04 9.87 
ICV QC 3.816 29.005 5.777 0.693 17.65 1.42 
 
3/26/14 Sampling Event 
Sample ID NO2  NO3  NH4  PO4  TN  TP 
QC 10.056 10.169 9.51 9.67 19.0 9.83 
ICV QC 3.803 32.949 5.92 0.70 18.5 1.40 
PW 2 032614 0.26 0.688 2693 93.0 2962 400 
PW2A 032614 0.221 0.179 2835 72.8 2636 381 
PW3 032614 0.145 0.076 4997 105 3179 307 
PW3A 032614 0.141 0.112 4365 85.0 3337 296 
PW4 032614 73.85 11.65 2030 139 1792 196 
PW4A 032614 80.09 13.97 1509 136 1867 184 
PW5 032614 55.86 9.78 1858 159 1746 174 
PW5A 032614 53.55 8.35 2068 170 1433 186 
PW6 032614 0.264 0 2848 69.3 3330 375 
PW6A 032614 0.121 0 3435 70.0 3473 378 
PW7 032614 0.288 1.865 3145 121 3067 410 
PW7A 032614 0.376 2.216 2850 58.8 3846 332 
PW8 032614 1.773 0.228 3619 161 3446 339 
PW8A 032614 1.841 0.155 4386 112 3465 347 
ASPW4 032614 78.16 8.65 1774 143 1193 188 
EE0 032614 0.493 1.068 47.7 3.19 82.0 6.44 
ASEEO 032614 0.385 1.052 45.9 2.87 82.5 6.93 
ICV QC 3.723 31.848 6.0 0.71 18.3 1.4 
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4/28/14 Sampling Event 
Sample ID NO2  NO3  NH4  PO4  TN  TP 
QC 10.4 10.8 10.0 10.2 18.8 9.101 
ICV-QC 3.53 32.03 5.72 0.66 17.7 1.446 
PW1 042814 0.75 4.62 5521 265 6956 313 
PW2 042814 2.18 1.27 3154 282 3073 316 
PW2A 042814 2.03 1.09 3147 262 3132 308 
PW3 042814 68.2 15.5 2241 151 2365 191 
PW3A 042814 71.5 10.9 2180 147 2495 192 
PW4 042814 81.3 170 208 55.6 782 98 
PW4A 042814 78.0 192 214 55.1 688 100 
PW5 042814 79.5 192 120 49.9 541 84 
PW5A 042814 80.9 164 290 49.2 573 85 
PW6 042814 0.14 0.23 1574 122 2303 272 
PW6A 042814 0.15 0.31 1588 131 2340 284 
PW7 042814 0.50 0.60 1982 139 2849 274 
PW7A 042814 0.44 0.88 2027 134 2681 264 
PW8 042814 1.47 0.67 3338 287 3274 336 
PW8A 042814 1.36 0.67 3325 296 3171 329 
EE0 042814 0.00 -0.04 1.44 1.79 70.4 7.94 
QC 10.87 10.97 9.92 10.40 19.2 9.78 
ICV-QC 3.67 32.73 5.98 0.67 17.4 1.24 
 
5/31/14 Sampling Event 
Sample ID NO2  NO3  NH4 PO4 TN TP 
QC 10.24 10.55 9.56 10.3 18.8 9.10 
ICV-QC 3.86 30.3 5.88 0.75 17.7 1.45 
PW1 053114 3.08 5.02 2572 278 2646 304 
PW1A 053114 2.95 4.21 2369 240 2651 317 
PW2 053114 3.82 13.72 1631 175 2226 308 
PW2A 053114 2.59 10.28 1310 158 2264 304 
PW3 053114 102 44.57 590 67.5 1037 106 
PW3A 053114 45.4 17.45 465 84.5 1033 105 
PW4 053114 5.21 1.30 2.65 32.3 255 61.0 
PW4A 053114 8.60 2.32 2.35 42 216 54.3 
PW5 053114 0.53 0.00 3.06 45.8 206 56.3 
PW5A 053114 0.24 0.00 1.46 43.8 159 57.0 
PW6 053114 49.8 20.35 530 57.5 992 137 
PW6A 053114 47.8 17.93 570 67 959 130 
PW7 053114 34.0 2.30 889 100 1713 187 
PW7A 053114 39.1 3.70 899 94.5 1393 185 
PW8 053114 2.62 1.11 1448.0 160.25 1629 285 
PW8A 053114 2.2 1.1 1618.25 163.75 1525 299 
EEO 053114 1.85 12.56 24.2 13 137 5.93 
QC 10.5 10.3 9.7 10.1 18.8 9.32 
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6/30/14 Sampling Event 
Sample ID NO2  NO3 NH4  PO4  TN  TP  
QC 10.3 10.4 9.8 10.1 20.3 10.0 
ICV-QC 3.9 29.9 5.7 0.76 18.3 1.37 
PW1 063014 0.262 0.16 2377 119 2964 581 
PW1A 063014 0.235 0.13 2577 152 3106 597 
PW2 063014 6.19 0.25 2018 129 2246 326 
PW2A 063014 6.54 0.16 2059 119 2216 309 
PW3 063014 14.8 0.21 261 54.0 1311 142 
PW3A 063014 15.8 0.35 193 50.5 1855 196 
PW4 063014 0.187 0.00 2.089 34.0 271 57.5 
PW4A 063014 0.333 0.00 2.435 35.3 221 52.8 
PW5 063014 0.171 0.02 1.432 33.8 251 55.3 
PW5A 063014 0.120 0.00 0.732 29.5 250 52.0 
PW6 063014 5.64 2.11 295 55.5 685 110 
PW6A 063014 5.90 2.72 297 57.8 719 107 
PW7 063014 35.3 2.63 354 60.5 742 140 
PW7A 063014 37.2 4.22 427 56.0 779 144 
PW8 063014 1.05 0.15 447 65.5 998 203 
PW8A 063014 0.912 1.06 369 67.8 740 183 
EEO 063014 0.043 0.10 1.07 10.0 57.5 14.1 
ICV-QC 3.8 30.0 5.8 0.76 17.9 1.38 
QCS 10.3 10.4 9.81 10.0 19.7 10.1 
 
7/22/14 Sampling Event 
Sample ID NO2  NO3  NH4  PO4  TN  TP  
QC 10.1 10.6 9.78 10.3 18.8 9.7 
ICV-QC 3.62 29.5 5.9 0.712 17.8 1.35 
PW2 072214 7.20 1.30 1889 217 2143 281 
PW2A 072214 8.63 1.28 1812 200 2072 300 
PW3 072214 1.13 1.39 147 51.0 497 84.5 
PW3A 072214 1.76 0.10 170 51.5 517 79.5 
PW4 072214 0.181 0.24 1.99 34.0 288 53.0 
PW4A 072214 0.101 0.00 1.45 35.8 335 49.3 
PW5 072214 0.098 0.02 0.991 37.5 279 55.8 
PW5A 072214 0.107 0.03 0.913 37.5 306 49.3 
PW6 072214 11.1 0.21 365 55.3 611 101 
PW6A 072214 11.1 0.49 402 57.0 550 104 
PW7 072214 0.430 0.06 433 95.0 578 146 
PW7A 072214 0.350 0.16 407 92.0 778 157 
EEO 072214 3.25 7.79 21.4 7.88 85.4 24.5 
ICV-QC 3.67 29.0 6.00 0.697 18.0 1.40 
QCS 10.3 10.5 9.82 10.07 18.8 10.0 
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Appendix C: Algal Growth Experiment Data 
 
In all algal growth experiments daily readings of algal cell counts, bacterial (either 
cyanobacteria or bulk bacteria population) cell counts, optical density, pH, and 
temperature were measured. 
 
Algal and bacterial cell counts were determined using a BD Accuri C6 flow 
cytometer. All cell counts are reported in cells μL-1.  
Cyano = cyanobacteria, Bacteria = bulk bacteria 
 
Optical density was measured at a wavelength of λ=664 using a HACH DR/4000 
Spectrophotometer. 
 
Temperature and pH were measured using a HACH HQ411d benchtop pH/mV meter. 
 
The following data sets are included in Appendix C: 
 
Data Set 1: Wash water and evaporator water ratio experimental data 
 Batch Run 1 
 Batch Run 2 
 Batch Run 3 
 Nutrient and biomass data for batches 1, 2, and 3 
 
Data Set 2: Filtered/unfiltered, inoculated/non-Inoculated wash water experimental data 
 Experiment a 
 Experiment b 
 Experiment c 
 Nutrient and biomass data for experiments a, b, and c 
 
CBOD5 =
DO1 − DO5
P⁄  
 
DO1: dissolved oxygen of sample on day 1, mg/L 
DO5: dissolved oxygen of sample on day 5, mg/L 
P: fraction of wastewater in 300 mL sample  
 105 
 
 
Data Set 1: Wash water and evaporator water ratio experimental data 
 
Batch Run 1: 100:0, 50:50, 0:100 Treatments 
 
100:0 (1) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 308 126.8 0.098 8.37 25.1 
2 2086 57.2 0.272 9.07 24.9 
3 3593.7 120.2 0.594 10.01 25.3 
4 3732.7 99.6 0.698 10.18 25.1 
5 3671.2 175.8 0.742 10.36 25.2 
 
 
100:0 (2) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 342 115.4 0.102 8.45 24.6 
2 1787.8 65.8 0.23 9.03 24.7 
3 3660.3 64 0.5 9.97 24.4 
4 3793.6 133.4 0.657 10.09 24.7 
5 3480 500.8 0.643 9.81 24.9 
 
 
100:0 (3) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 304.5 115.4 0.102 8.41 24.6 
2 1680.1 73.6 0.223 8.98 24.4 
3 3494.5 74.8 0.487 9.99 24.4 
4 3455.2 90.3 0.64 10.26 24.6 
5 3211 105.3 0.702 10.44 24.6 
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50:50 (1) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 320 46.1 0.075 8.26 24.6 
2 1538.1 31.6 0.187 9.05 24.7 
3 3127.5 35.5 0.417 10.05 24.6 
4 3189.1 28.3 0.556 10.19 24.6 
5 3665 50.1 0.589 10.17 25 
 
 
50:50 (2) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 299.9 50.3 0.074 8.27 24.8 
2 1827.4 38.5 0.18 9.04 24.9 
3 2492.5 25.4 0.4 10.09 24.6 
4 2570 15.9 0.508 10.22 25 
5 1920 29.4 0.566 10.22 25.1 
 
 
50:50 (3) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 315.6 93.6 0.072 8.29 24.3 
2 1827.2 42.8 0.174 8.99 24.5 
3 4530.6 40.2 0.402 10 24 
4 3897.2 35.1 0.538 10.14 24.3 
5 4313 55.4 0.577 10.11 24.6 
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0:100 (1) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 178.3 23 0.016 8.39 25.4 
2 289.4 4 0.024 8.42 25.2 
3 352.6 10 0.028 8.01 25.3 
4 434.2 8 0.034 8.11 25.4 
5 556.1 6 0.036 8.17 26 
6 589.1 16 0.039 8.11 25.2 
 
 
0:100 (2) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 182.4 17 0.017 8.28 25 
2 314.7 4 0.024 8.42 25.2 
3 375.2 10 0.03 8.08 25.2 
4 433.4 5 0.034 8.16 25.2 
5 528 6 0.039 8.2 25.6 
6 550.5 19 0.039 8.08 25.1 
 
 
0:100 (3) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 174.6 23 0.018 8.56 24.8 
2 439.3 10 0.03 8.48 25.2 
3 234 80 0.029 8.01 25 
4 64.3 41 0.022 8.04 25.1 
5 80.3 11 0.022 8.18 25.7 
6 96.1 21 0.02 8.02 25 
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Batch Run 2: 75:25, 50:50, 25:75 Treatments 
 
75:25 (1) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 201.4 195 0.021 8.68 26.2 
2 1734.4  0.124 8.96 26.5 
3 5497.4 82 0.246 9.46 27.3 
4 8232.3 72 0.298 9.3 27.1 
5 10031.2 118 0.395 9.53 27.1 
6 13842.6 84 0.531 9.89 26.8 
7 14033.6 178 0.63 10.13 26.8 
 
 
75:25 (2) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 176.4 185 0.022 8.64 26.7 
2 2081  0.145 9.05 26.8 
3 6700.9 89 0.271 9.42 27.6 
4 9444 69 0.35 9.48 27.5 
5 11197.2 90 0.453 9.61 27.4 
6 11067.8 124 0.568 9.78 27.1 
7 11242.4 134 0.582 9.86 27.5 
 
 
75:25 (3) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 176.4 185 0.022 8.64 26.7 
2 2081  0.145 9.05 26.8 
3 6700.9 89 0.271 9.42 27.6 
4 9444 69 0.35 9.48 27.5 
5 11197.2 90 0.453 9.61 27.4 
6 11067.8 124 0.568 9.78 27.1 
7 11242.4 134 0.582 9.86 27.5 
  
 109 
 
50:50 (4) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 167.3 160 0.024 8.59 26.1 
2 1089.9  0.102 9.02 26.2 
3 4513 72 0.243 9.55 27.4 
4 8335.5 71 0.34 9.63 26.7 
5 13824.8 144 0.429 9.78 26.7 
6 15844.8 204 0.544 9.82 26.7 
7 15543.4 234 0.59 9.8 26.5 
 
 
50:50 (5) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 176.3 143 0.018 8.58 26.3 
2 1254.4  0.122 8.97 26.4 
3 5165.8 86 0.275 9.51 27.1 
4 10971.7 78 0.384 9.7 26.8 
5 14726.8 160 0.494 9.79 26.8 
6 16445.8 146 0.577 9.83 26.1 
7 15740.8 194 0.616 9.62 27 
 
 
50:50 (6) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 178 92 0.018 8.59 25.7 
2 1131.8  0.111 9.03 26.3 
3 4800.8 62 0.268 9.52 27.6 
4 9495.9 62 0.382 9.52 26.8 
5 14987.6 108 0.5 9.75 26.4 
6 15324.2 124 0.589 9.76 26.1 
7 15911.6 230 0.646 9.79 26.4 
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25:75 (1) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 172 53 0.017 8.48 26.6 
2 968.2  0.123 9.39 26.9 
3 2899.6 75 0.177 9.43 27.4 
4 3779.3 113 0.244 9.84 27.6 
5 180.6 467 0.188 9.07 27.4 
6 102.1 148 0.211 8.89 27.3 
 
 
25:75 (2) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 207.1 39 0.025 8.49 26.4 
2 799.8  0.109 9.19 26.6 
3 2792.6 44 0.199 9.41 27.8 
4 5100.2 88 0.258 9.63 26.8 
5 5192.6 111 0.317 9.59 27.1 
6 2639.5 237 0.314 9.42 26.9 
 
 
25:75 (3) 
Day 
Algae cell 
counts 
Cyano cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 203.5 58 0.015 8.41 26.4 
2 1460.2  0.149 9.12 26.7 
3 2510.9 56 0.21 9.26 27.5 
4 2661.6 120 0.21 9.37 27.3 
5 1184.8 898 0.18 8.96 27.1 
6 127 748 0.128 8.47 27.1 
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Batch Run 3: Bold’s Basal Medium Treatments 
 
BBM (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 328 41 0.029 7.76 24.6 
2 871 77 0.055 7.78 24.3 
3 2647 127 0.083 8.23 24.3 
4 3729 146 0.13 9.04 24.9 
5 3088 133 0.178 9.53 24.8 
6 3183 142 0.208 10.01 24.8 
7 4376 456 0.312 10.11 24.8 
 
 
BBM (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 361 52 0.025 7.37 24.3 
2 804 76 0.049 7.43 23.8 
3 2421 125 0.077 8.1 24.3 
4 3118 141 0.126 8.71 24.7 
5 3067 134 0.162 9.56 24.8 
6 2744 176 0.189 10 24.5 
7 3070 225 0.274 10.22 24.8 
 
 
BBM (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 347 59 0.022 7.46 24.2 
2 827 78 0.054 7.53 24.1 
3 2702 128 0.104 8.32 24.5 
4 4550 165 0.177 9.28 24.8 
5 4234 200 0.235 10.15 25.3 
6 4651 345 0.29 10.24 24.4 
7 5289 188 0.372 10.37 25 
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BBM (4) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 388 68 0.027 7.51 24.4 
2 874 84 0.046 7.44 24.2 
3 2897 150 0.083 8.03 24.6 
4 3963 142 0.127 8.89 24.9 
5 3623 170 0.17 9.82 24.8 
6 3861 413 0.218 10.03 24.8 
7 4696 546 0.286 10.24 25 
 
 
BBM (5) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 387 63 0.028 7.54 24.3 
2 957 77 0.042 7.55 24.3 
3 2489 138 0.08 7.98 24.3 
4 3196 168 0.108 8.53 24.6 
5 3351 144 0.137 9.4 24.8 
6 3082 377 0.173 9.82 24.3 
7 3532 630 0.223 10.12 24.9 
 
 
BBM (6) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 361 66 0.032 7.47 24.2 
2 950 90 0.048 7.51 24.5 
3 2856 138 0.077 8.49 24.4 
4 3798 157 0.123 9.07 24.5 
5 3062 168 0.17 9.94 25 
6 3232 363 0.215 10.07 24.8 
7 4308 430 0.284 10.22 24.6 
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Nutrient and Biomass Data for Batches 1, 2, and 3 
 
Initial analysis: all concentrations are in units of mg/L. 
 
Treatment 
NO3-
N 
NO2-
N 
TNf TNuf OP TPf TPuf CODf CODuf Biomass 
100:0 128 0.163 18 19.8 6.65 10.4 11.8 128 173 65 
100:0 130 0.159 16.6 21 6.72 9.8 10.4 130 179 65 
100:0 127 0.16 17.9 21.6 6.76 10.1 10.6 127 196 70 
75:25 46 0.071 17.8 18 3.82 4.19 4.37 46 60 20 
75:25 46 0.069 17.8 20 3.72 4.14 4.35 46 61 25 
75:25 54 0.076 17 17.9 3.72 4.08 4.34 54 58 20 
50:50 41 0.056 10.4 11.2 2.69 2.96 3.11 41 48 15 
50:50 39 0.055 10.6 11.7 2.69 2.98 3.02 39 56 10 
50:50 34 0.053 10.5 11.1 2.62 2.88 3.01 34 51 10 
25:75 24 0.035 5 5.2 1.39 1.53 1.66 24 32 10 
25:75 21 0.034 4.9 5.5 1.43 1.55 1.69 21 46 10 
25:75 28 0.035 4.9 5.1 1.43 1.57 1.76 28 37 20 
0:100 70 0.007 0.9 0.4 0.36 0.38 0.48 70 90 30 
0:100 87 0.008 0.7 0.4 0.37 0.39 0.49 87 99 20 
0:100 72 0.009 1.1 0.6 0.41 0.43 0.53 72 91 20 
BBM 49 0.094 45.2 45.8 39.6 44.4 45.6 49 59 40 
BBM 49 0.093 45.2 46 39.9 46.1 46.6 49 54 40 
BBM 45 0.088 45.4 46.6 39.7 47.4 47.7 45 51 45 
BBM 48 0.09 45.5 46 39.5 45.4 46.1 48 58 45 
BBM 47 0.094 44.9 45.6 40 44.9 45.9 47 55 40 
BBM 49 0.091 45.8 46.2 40.1 45.7 46.2 49 54 50 
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Final analysis: all concentrations are in units of mg/L. 
 
Treatment 
NO3-
N 
NO2-
N 
TNf TNuf OP TPf TPuf CODf CODuf Biomass 
100:0 0.409 0.008 3.1 19.5 0.54 0.721 7.5 101 637 680 
100:0 0.425 0.019 2.6 18.2 0.25 0.47 7.1 90 568 540 
100:0 0.433 0.012 2.4 19.6 0.12 0.28 6.4 81 602 580 
75:25 0.291 0.012 1.9 13.4 0.12 0.16 4.04 66 453 480 
75:25 0.296 0.01 1.5 9.8 0.34 0.42 4.27 67 455 520 
75:25 0.291 0.012 2.6 10.3 0.16 0.22 3.95 65 497 580 
50:50 0.266 0.012 2 8.8 0.05 0.12 2.99 58 441 400 
50:50 0.265 0.021 1.2 11.2 0.03 0.1 3.34 64 479 480 
50:50 0.29 0.01 1.2 8.1 0.03 0.13 3.12 61 502 400 
25:75 0.228 0.002 1 4.9 0.07 0.11 1.73 54 281 20 
25:75 0.228 0.004 1.5 4.6 0.09 0.11 1.66 42 303 40 
25:75 0.211 0.003 1.9 4.8 0.31 0.48 1.69 57 232 40 
0:100 0.118 0.003 0.2 0.9 0.27 0.31 0.52 20 61 180 
0:100 0.132 0.006 0.19 0.7 0.27 0.31 0.49 25 79 180 
0:100 0.138 0 0.17 1.1 0.34 0.36 0.53 23 69 160 
BBM 24.2 3.18 30.6 44.4 32 39.6 46.4 168 618 180 
BBM 24.8 3.16 30.2 43.4 32.2 41 46.8 160 548 200 
BBM 22.6 3.12 31.8 44.2 30.5 40.9 47.9 184 706 220 
BBM 23.8 3.22 31.4 41.2 32.4 38.7 45.9 170 588 160 
BBM 25 3.1 32.6 42.4 33 39.8 46.2 174 612 180 
BBM 24.2 3.18 33.8 41.4 32.7 38.9 47 180 642 160 
  
 115 
 
Data Set 2: Filtered/unfiltered, inoculated/non-Inoculated wash water experimental data 
 
 FI = filtered/inoculated 
 FNI = filtered/non-inoculated 
 UFI = unfiltered/inoculated 
 UFNI = unfiltered/non-inoculated 
 
Experiment a: Milling season 100% wash water treatments 
 
FIa (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 228 7334 0.433 8.15 27.1 
2 746 1419 0.334 8.75 27.1 
3 3788 2007 0.599 9.96 27.6 
4 3497 4219 1.062 10.86 26.6 
5 4240 5193 1.08 10.99 26.2 
 
 
FIa (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 174 8014 0.388 7.96 26.5 
2 670 1532 0.278 8.6 26.3 
3 3389 2118 0.638 9.85 27.2 
4 3261 3069 0.973 10.85 26.1 
5 4130 3790 1.012 11.06 25.5 
 
 
FIa (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 261 8110 0.391 7.92 26.6 
2 737 2189 0.313 8.65 26.4 
3 3307 2389 0.666 10 26.8 
4 2863 3688 0.925 10.62 25.9 
5 3237 5487 0.972 10.79 25.6 
  
 116 
 
FNIa (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH Temperature (°C) 
1 84 11678 0.402 8.02 27.2 
2 511 1553 0.284 8.6 26.7 
3 4198 1638 0.587 9.87 26.7 
4 7333 2308 0.923 10.48 25.8 
5 8233 3551 1.084 11.02 25.4 
 
 
FNIa (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 114 12017 0.402 7.94 27 
2 723 2034 0.333 8.52 27.3 
3 5943 1898 0.599 9.91 27.2 
4 6669 2434 0.859 10.42 26.7 
5 7703 3960 0.99 10.83 26.3 
 
 
FNIa (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 122 9250 0.428 7.93 26.9 
2 746 2229 0.277 8.56 26.5 
3 6111 2134 0.6 9.93 27 
4 8202 2734 0.933 10.44 25.9 
5 8629 2752 1.124 10.77 26 
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UFIa (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 559 10867 0.79 8.58 26 
2 5536 11270 0.891 9.46 26 
3 9198 14478 1.275 10.35 25.8 
4 7874 9026 1.423 10.8 26.2 
 
 
UFIa (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 970 12296 0.779 8.64 26.1 
2 5934 10782 0.927 9.51 26.7 
3 9046 13128 1.254 10.32 26.4 
4 8330 12740 1.429 10.91 26.7 
 
 
UFIa (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 555 11496 0.829 8.58 26 
2 5992 15142 0.961 9.61 26.3 
3 8522 13424 1.295 10.4 26.3 
4 7184 11646 1.344 10.87 26.9 
 
 
  
 118 
 
UFNIa (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 460 11149 0.779 8.65 25.5 
2 5384 16912 0.918 9.5 25.6 
3 8479 13508 1.246 10.3 25.6 
4 7340 14906 1.34 10.54 26.2 
 
 
UFNIa (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 431 11834 0.79 8.62 25.6 
2 4700 11574 0.857 9.33 25.5 
3 8150 6970 1.189 10.16 25.6 
4 9306 11828 1.364 10.51 26 
 
 
UFNIa (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 381 13315 0.793 8.6 25.5 
2 5596 16156 0.88 9.34 25.5 
3 9190 7794 1.156 10.2 25.2 
4 9166 11710 1.283 10.5 25.8 
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Experiment b: Post-milling 100% wash water treatments 
 
FIb (1) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 373 11110 0.606 8.73 24.8 
2 2357 8562 0.748 9.62 24.9 
3 4830 3427 1.143 10.37 24.9 
4 4604 4036 1.431 11.21 24.7 
5 4121 3219 1.435 11.22 25 
6 3509 3519 1.464 10.35 24.6 
 
 
FIb (2) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 452 10932 0.654 8.69 24.3 
2 1599 6732 0.756 9.47 25.2 
3 3845 3392 1.095 10.26 24.3 
4 3654 3311 1.438 11.28 23.9 
5 3991 3377 1.458 11.31 24.5 
6 6516 2491 1.548 11.17 24.3 
 
 
FIb (3) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 446 10184 0.643 8.74 24.9 
2 1799 6575 0.774 9.6 25.5 
3 3532 3040 1.176 10.37 25 
4 4093 2876 1.482 11.33 24.8 
5 4185 3261 1.48 11.29 25.3 
6 5956 1831 1.531 11.11 25.2 
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FNIb (1) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 167 13861 0.583 8.8 25.1 
2 947 12200 0.651 9.01 25.5 
3 2496 5267 0.814 9.98 25.2 
4 2696 4568 1.136 10.09 24.8 
5 3780 4659 1.019 10.01 25.7 
6 5184 5271 1.082 9.88 25.2 
 
 
FNIb (2) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 111 14998 0.621 8.81 24.2 
2 743 11717 0.61 9.07 25 
3 2483 6198 0.814 10.01 25 
4 3106 4073 1.002 10.11 24.5 
5 3005 5205 1.008 10.13 25.5 
6 2612 6860 1.102 10.04 25.2 
 
 
FNIb (3) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 102 14348 0.621 8.81 24.2 
2 704 13002 0.597 9.02 24.3 
3 2552 6947 0.771 9.96 24.3 
4 3096 4307 0.989 10.09 24.5 
5 3175 5060 1.077 10.18 24.7 
6 2660 6619 1.151 10.23 24.6 
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UFIb (1) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 378 11977 0.659 8.71 25 
2 1289 6311 0.727 9.27 24.9 
3 3511 2633 1.108 10.03 24.7 
4 4040 3006 1.418 11.11 24.3 
5 4332 3167 1.439 11.12 25 
6 3879 3114 1.523 10.97 24.7 
 
 
UFIb (2) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 414 10659 0.664 8.82 24.6 
2 1384 5965 0.779 9.31 24.9 
3 3353 3366 1.144 10.04 23.8 
4 4222 3248 1.484 11.11 24.1 
5 4494 2956 1.512 11.15 24.4 
6 3692 2937 1.571 10.61 24.6 
 
 
UFIb (3) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 402 9875 0.693 8.75 25.2 
2 1478 5343 0.82 9.45 24.3 
3 3414 3085 1.265 10.24 24.5 
4 4180 2581 1.498 11.17 24.4 
5 5074 2808 1.478 11.23 24.7 
6 4868 1231 1.575 11.15 24.7 
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UFNIb (1) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 99 14185 0.645 8.68 24.6 
2 466 11165 0.634 8.97 25.1 
3 1572 5730 0.787 9.79 24.3 
4 2811 4551 1.081 10.01 24.7 
5 2638 3840 1.177 10.17 24.4 
6 2466 4277 1.285 10.18 24.6 
 
 
UFNIb (2) 
Day 
Algae cell 
counts 
Bacteria 
cell counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 83 12741 0.655 8.8 25.3 
2 223 15026 0.593 8.92 25.3 
3 913 12546 0.615 9.23 25.1 
4 3089 4079 0.82 9.98 25.2 
5 3395 4112 1.048 10.08 25.3 
6 2568 4145 1.086 10.25 25.1 
 
 
UFNIb (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 105 12762 0.65 8.74 24.9 
2 918 11559 0.66 9.12 25.8 
3 2304 4747 0.839 10.02 24.8 
4 3125 4105 1.165 10.11 25 
5 3066 3406 1.196 10.13 25.3 
6 4841 2948 1.257 10.16 25.3 
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Experiment c: Post-milling 100% wash water treatments (2nd batch) 
 
FIc (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 369 4893 0.252 8.87 24.9 
2 1103 2493 0.318 9.62 24.2 
3 2276 2812 0.609 9.95 25.1 
4 2207 1338 0.816 10.01 24.9 
5 2262 1731 0.743 9.43 25 
 
 
FIc (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 479 5998 0.254 8.76 24.4 
2 1484 3707 0.317 9.71 24 
3 2165 3064 0.581 10.03 24.6 
4 1773 3542 0.753 10.03 24.8 
5 1817 4572 0.729 9.43 24.3 
 
 
FIc (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 442 5116 0.254 8.81 24.6 
2 1379 4223 0.344 9.69 24.5 
3 2264 3001 0.608 9.96 24.8 
4 1927 3831 0.743 9.87 24.9 
5 1551 2045 0.647 9.26 24.2 
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FNIc (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 24 8173 0.229 8.71 25.4 
2 71 5847 0.198 8.86 25.3 
3 566 4868 0.209 9.11 25.5 
4 3893 1736 0.468 9.66 25.2 
5 3698 2350 0.61 9.89 25.4 
 
 
FNIc (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 19 7114 0.209 8.75 24.3 
2 50 5685 0.188 8.98 24 
3 161 4664 0.166 9.07 24.3 
4 1795 2676 0.262 9.3 24.3 
5 4263 1621 0.49 9.73 24.4 
 
 
FNIc (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 18 6549 0.212 8.8 25 
2 47 5471 0.191 8.97 24.7 
3 211 4165 0.173 9.15 25.3 
4 2492 1922 0.291 9.33 25 
5 4180 1458 0.503 9.78 24.8 
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UFIc (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 371 6596 0.236 8.73 24.8 
2 1234 3224 0.312 9.75 24.5 
3 2238 3146 0.591 10.05 24.7 
4 1751 4376 0.784 10.17 24.8 
5 1534 5016 0.763 9.49 24.5 
 
 
UFIc (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 473 4716 0.266 8.8 25.4 
2 1705 3189 0.36 9.81 24.8 
3 2287 3429 0.728 10.12 25.3 
4 1769 3746 0.779 9.84 25.1 
5 771 5258 0.613 9.14 25 
 
 
UFIc (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 470 5312 0.254 8.78 25.6 
2 1790 3448 0.394 9.77 25.4 
3 2471 3283 0.72 10.16 25.3 
4 1840 3004 0.719 9.73 25.2 
5 832 5572 0.555 9.09 24.9 
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UFNIc (1) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 21 7476 0.23 8.79 25 
2 54 6398 0.191 8.89 24.3 
3 306 4636 0.171 9.02 24.8 
4 2903 2128 0.335 9.41 24.8 
5 4694 1760 0.561 9.82 24.6 
 
 
UFNIc (2) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 43 7702 0.231 8.7 25.2 
2 118 7742 0.22 8.95 24.7 
3 641 5375 0.222 9.15 25 
4 3263 1980 0.442 9.53 24.8 
5 4816 906 0.65 9.8 24.7 
 
 
UFNIc (3) 
Day 
Algae cell 
counts 
Bacteria cell 
counts 
Optical 
Density 
pH 
Temperature 
(°C) 
1 31 9024 0.235 8.81 24.7 
2 61 7542 0.227 8.87 24 
3 321 6240 0.199 9.03 24.2 
4 2498 2712 0.328 9.4 24.3 
5 4148 2131 0.545 9.73 24 
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Nutrient and Biomass Data for Experiments a, b, and c 
 
Initial analysis: all concentrations are in units of mg/L. 
 
Treatment NO3-N TNf TNuf OP TPf TPuf CODf CODuf CBOD Biomass 
FIa 1.45 34.2 35.2 6.82 16.7 18.1 626 652 21 95 
FIa 1.45 32.8 36.2 5.78 15.1 16.1 618 670 17 95 
FIa 1.39 32 36 6.87 16.7 17.8 628 658 15 100 
FIb 0.565 34.8 42 12.4 15 18.1 136 210 21 130 
FIb 0.562 36.4 39.4 11.2 14.8 18 132 206 31 140 
FIb 0.558 35.6 40.4 12.8 14.3 17.6 128 202 28 130 
FIc 0.556 33 37.2 13.6 15.2 18.4 128 198 22 120 
FIc 0.56 30.8 36.6 12.5 16.1 18.1 134 202 19 130 
FIc 0.541 34.6 38.4 13.1 14.9 19.1 144 208 18 120 
FNIa 0.644 36.6 37.2 7.03 16.3 17.3 648 682 17 100 
FNIa 0.635 36.2 37 8.52 16 16.7 664 698 20 105 
FNIa 0.641 35.8 37.6 8.23 15.6 16.5 650 686 13 105 
FNIb 0.55 32.6 38.6 12.2 14.2 16.5 144 192 17 120 
FNIb 0.495 33.8 37.4 12 14.3 16.8 154 188 19 120 
FNIb 0.521 34.6 38 10.8 13.9 15.9 152 198 21 110 
FNIc 0.484 37.2 38.4 12.2 15 17.3 104 176 15 150 
FNIc 0.492 35.8 40.2 11.2 15.8 17.5 146 178 19 130 
FNIc 0.501 34.4 37.4 11.5 15.7 16.5 148 192 16 130 
UFIa 0.896 49 53.8 16.1 18.6 26 758 864 284 215 
UFIa 0.893 47 52.2 15.7 17.5 24.3 692 870 304 210 
UFIa 0.847 45.2 52 16.2 18.4 25.2 744 882 286 210 
UFIb 0.527 35.6 53.6 14.9 26.6 28.1 222 458 131 173 
UFIb 0.53 35.2 50.6 14.7 25.1 27.6 238 436 122 167 
UFIb 0.521 34.4 51 14.2 24.9 28.5 228 448 119 167 
UFIc 0.535 48 57 15.9 28.6 32 246 519 109 160 
UFIc 0.534 42 58.4 15.1 29.1 33.1 256 516 112 160 
UFIc 0.539 38.6 58.6 15.2 28.9 32.8 230 528 120 167 
UFNIa 0.555 45.6 54.2 15.9 19.5 25.3 692 886 322 205 
UFNIa 0.642 47.2 56.8 16.4 19.2 26.3 706 888 264 215 
UFNIa 0.545 42.6 50 15.8 18.2 25.7 702 894 255 215 
UFNIb 0.513 34 51.2 14.3 24.4 29.2 234 407 98 153 
UFNIb 0.516 35 52 15 25.7 27.2 230 416 110 160 
UFNIb 0.515 34.2 47.8 14.5 23.8 26.4 240 422 116 153 
UFNIc 0.486 34.4 53 14.8 26.1 31.2 260 517 115 153 
UFNIc 0.501 35.6 54.4 14.5 28.3 31.8 254 520 102 153 
UFNIc 0.497 37.4 57.2 14.7 29.6 33 252 522 111 147 
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Final analysis: all concentrations are in units of mg/L. 
 
Treatment NO3-N TNf TNuf OP TPf TPuf CODf CODuf CBOD Biomass 
FIa 0.685 5.4 29.4 0.05 1.6 18.7 166 990 222 1060 
FIa 0.681 6 32.8 0.02 1.5 18 162 820 211 1040 
FIa 0.692 7.4 28.6 0.09 1.51 18.7 176 834 217 980 
FIb 0.489 9.8 28 1.58 2.1 16.6 108 542 97 700 
FIb 0.483 9.8 27.2 1.44 2.3 15.7 106 542 92 640 
FIb 0.479 8.8 27 1.57 2.4 15.9 106 374 79 520 
FIc 0.489 11.2 31 1.31 1.7 14.3 104 522 67 760 
FIc 0.481 10.6 35.2 1.73 1.9 15.1 106 394 60 620 
FIc 0.476 9.6 32.4 1.74 2.8 14.2 124 422 61 620 
FNIa 0.628 7.8 28.2 0.09 1.53 18.1 156 740 235 720 
FNIa 0.632 5.8 33 0.02 1.53 17.2 166 880 219 840 
FNIa 0.66 3.6 29.2 0.04 1.4 17 154 810 227 1000 
FNIb 0.61 10.6 23.8 0.25 0.91 12.6 102 470 58 580 
FNIb 0.691 14.2 26.2 0.56 1.3 12.9 82 328 48 500 
FNIb 0.74 12.2 25 0.42 0.93 11.9 86 418 61 520 
FNIc 0.981 11.2 29.2 0.32 0.89 12.1 100 416 57 480 
FNIc 1.1 12.6 28 0.62 1.1 14.7 92 492 65 580 
FNIc 0.989 19.4 36 0.58 0.98 13.2 98 414 62 460 
UFIa 0.596 13.2 54.4 0.94 2.7 23.2 244 948 241 1180 
UFIa 0.638 10.6 54 0.76 2.6 21.3 228 1114 164 1180 
UFIa 0.57 11 52.8 1.27 2.9 21.7 252 1072 202 1080 
UFIb 0.528 7.8 36.2 0.83 1.7 27.9 119 1060 204 1380 
UFIb 0.509 8.4 38 0.81 2.1 27.3 128 1080 212 1380 
UFIb 0.515 7.4 37.4 0.93 1.5 26.8 109 1110 220 1340 
UFIc 0.476 9.8 44.2 1.03 2.5 31.1 147 1070 221 1340 
UFIc 0.522 9.4 43.2 1.1 2.7 32.4 133 1180 229 1460 
UFIc 0.531 8.6 45 1.2 2.2 32.3 126 1181 210 1340 
UFNIa 0.638 15.4 52.8 1.65 3.6 22.7 224 922 178 1180 
UFNIa 0.597 17 55.6 1.3 3.2 21.5 176 1182 153 1140 
UFNIa 0.604 17 55.2 1.38 2.8 21.8 198 1156 156 1100 
UFNIb 0.51 9.8 39.8 2.1 3.6 29 191 854 140 1140 
UFNIb 0.508 9 40.4 2.06 4.2 26.7 203 819 127 1060 
UFNIb 0.52 10.2 41.4 2.24 3.4 26.1 187 756 151 1060 
UFNIc 0.5 12.6 45 2.4 3.1 31 132 797 144 1080 
UFNIc 0.509 13 46 2.1 3.05 31.5 144 754 119 800 
UFNIc 0.511 11.8 44.8 2.3 3.5 32.5 156 851 138 980 
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